The Mechanical and Electrochemical Properties of Bulk Metallic Glasses by Morrison, Mark Lee
University of Tennessee, Knoxville
Trace: Tennessee Research and Creative
Exchange
Doctoral Dissertations Graduate School
8-2005
The Mechanical and Electrochemical Properties of
Bulk Metallic Glasses
Mark Lee Morrison
University of Tennessee - Knoxville
This Dissertation is brought to you for free and open access by the Graduate School at Trace: Tennessee Research and Creative Exchange. It has been
accepted for inclusion in Doctoral Dissertations by an authorized administrator of Trace: Tennessee Research and Creative Exchange. For more
information, please contact trace@utk.edu.
Recommended Citation
Morrison, Mark Lee, "The Mechanical and Electrochemical Properties of Bulk Metallic Glasses. " PhD diss., University of Tennessee,
2005.
https://trace.tennessee.edu/utk_graddiss/2257
To the Graduate Council:
I am submitting herewith a dissertation written by Mark Lee Morrison entitled "The Mechanical and
Electrochemical Properties of Bulk Metallic Glasses." I have examined the final electronic copy of this
dissertation for form and content and recommend that it be accepted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy, with a major in Materials Science and Engineering.
Raymond A. Buchanan, Major Professor
We have read this dissertation and recommend its acceptance:
Peter K. Liaw, Charlie R. Brooks, Charles Feigerle
Accepted for the Council:
Dixie L. Thompson
Vice Provost and Dean of the Graduate School
(Original signatures are on file with official student records.)
To the Graduate Council: 
 
I am submitting herewith a dissertation written by Mark Lee Morrison entitled “The 
Mechanical and Electrochemical Properties of Bulk Metallic Glasses.”  I have examined 
the final electronic copy of this dissertation for form and content and recommend that it 
be accepted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, with a major in Materials Science and Engineering. 
 
 
_____Raymond A. Buchanan______ 
Major Professor 
 
 
We have read this dissertation 
and recommend its acceptance: 
 
 
_Peter K. Liaw_____________ 
 
 
_Charlie R. Brooks_________ 
 
 
_Charles Feigerle__________ 
 
 
 
 
Accepted for the Council: 
 
 
       ______Anne Mayhew____________ 
Vice Chancellor and Dean of 
Graduate Studies 
 
 
 
 
 
(Original signatures are on file with official student records.) 
 
 
 
 
 
 
 
 
 
 
The Mechanical and Electrochemical Properties 
of Bulk Metallic Glasses 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A Dissertation Presented  
For the 
Doctor of Philosophy 
Degree 
The University of Tennessee, Knoxville 
 
 
 
 
 
 
 
 
Mark Lee Morrison 
August, 2005 
 ii
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © 2005 by Mark L. Morrison 
All rights reserved. 
 iii
 
 
ACKNOWLEDGEMENTS 
I am grateful to the National Science Foundation Integrative Graduate Education 
and Research Training (IGERT) Program in Materials Lifetime Science and Engineering, 
under Grant No. DGE-9987548; the Combined Research and Curriculum Development 
(CRCD) Program on Intermetallics and Composites, under EEC-9527527 and EEC-
0203415; the International Materials Institutes (IMI) Program on Advanced Neutron 
Scattering Network for Education and Research (ANSWER), with a focus on Mechanical 
Behavior of Materials, under DHR-0231320, managed by Drs. Lenore Clesceri, Wyn 
Jennings, and Larry Goldberg, Ms. Mary Poats, and Dr. Carmen Huber, respectively; and 
to the Division of Materials Science and Engineering, Department of Energy under 
Contract DE-AC05-00OR22725 with the Oak Ridge National Laboratory (ORNL) 
operated by The University of Tennessee – Battelle, LLC, for the support of this research.  
Also, special thanks are given to Drs. R.A. Buchanan, P.K. Liaw, J.A. Horton, C.T. Liu, 
and C. Feigerle for their advice, assistance, and guidance during my graduate career.  
Furthermore, this work would not have been possible without the assistance of Douglas 
Fielden, Larry Smith, Dan Hackworth, Frank Holiway, Randy Stooksbury, Carla 
Lawrence, and Sandra Maples of The University of Tennessee and Cecil Carmichael of 
the Oak Ridge National Laboratory. 
 iv
 
 
ABSTRACT 
Bulk metallic glasses (BMGs) represent an emerging class of materials with an 
amorphous structure and a unique combination of properties.  Some of these outstanding 
properties include exceptionally high strength, large elastic deformation, near-net-shape 
formability, and superplasticity.  However, these materials are not commonly used in 
structural applications because of a lack of plasticity and a lack of clarity in terms of 
deformation and failure mechanisms.  Furthermore, the electrochemical behavior of these 
materials with and without loading is not well defined.  Thus, the objectives of this study 
were to define and model the electrochemical and mechanical behaviors of BMGs, in 
addition to the interactions between these. 
The electrochemical behaviors of Zr-, Ti-, and Ca-based BMGs have been studied 
in various environments.  Moreover, the electrochemical behaviors of several common, 
crystalline materials have also been characterized in the same environments to facilitate 
comparisons.  In general, the Zr- and Ti-based BMG alloys demonstrated relatively good 
general corrosion resistance in all of the environments.  Mean corrosion penetration rates 
(CPRs) were found to be less than 30 µm/year for these alloys.  On the other hand, the 
Ca-based BMG alloys were found to be highly active with CPRs ranging from 300 – 
5700 µm/year in a non-aggressive 0.05 M Na2SO4 electrolyte.  Furthermore, most of 
these alloys were found to be susceptible to localized corrosion in these environments.  
However, the Zr- and Ti-based BMG alloys exhibited relatively high, positive values for 
both pitting overpotentials (ηpit) and protection overpotentials (ηpp). 
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The Zr-based BMG commonly known as Vitreloy 105 (Vit 105) was selected for 
further studies.  This material was fabricated at the Oak Ridge National Laboratory by 
arc-melting and drop-casting into a water-cooled, copper mold.  Mechanical 
characterization of this alloy was conducted through four-point bend fatigue testing, as 
well as tensile testing with in situ thermography. 
Fatigue testing in air revealed that both the fatigue lives at various stresses and the 
fatigue endurance limit are similar to those reported for this material in uniaxial fatigue.  
This result alone demonstrates that the great differences in fatigue results reported in the 
literature are not due to differences in testing geometry.  In fact, the larger scatter 
observed in four-point bend fatigue at a given stress range was found to be due to 
variations in material quality.  Thus, material quality is believed to be the primary reason 
for the great differences in fatigue behavior of various BMG alloys that have been 
reported in the literature since 1995. 
After the electrochemical and mechanical behaviors of the Vit 105 BMG alloy 
were defined separately, the corrosion-fatigue behavior of this alloy was studied.  
Corrosion-fatigue tests were conducted under identical conditions as those utilized during 
fatigue testing in air.  However, in this case, the environment was a 0.6 M NaCl 
electrolyte, identical to one of the environments in which the electrochemical behavior 
was previously defined.  The environmental effect was found to be significant at most 
stress levels, with decreasing effects at higher stress levels due to decreasing time in the 
detrimental environment.  Furthermore, the corrosion-fatigue endurance limit was found 
to be severely depressed to a stress range of less than 400 MPa.  Again, the variation in 
the corrosion-fatigue data at a given stress range was found to be primarily dependent 
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upon material quality.  In addition, the crack-initiation locations were observed to shift 
from the inner span, in air, to the outer loading pins in the 0.6 M NaCl electrolyte.  This 
shift in initiation locations was due to wear at the outer pins that removed the passive 
layer, which promoted pitting and crack initiation. 
Cyclic-anodic-polarization tests were conducted during cyclic loading to elucidate 
the effect of cyclic stresses on the electrochemical behavior.  It was found that a stress 
range of 900 MPa resulted in active pitting at the open-circuit potentials.  Thus, ηpit had 
shifted from high, positive values in the static condition to low, negative values under 
cyclic loading.  Next, the degradation mechanism was examined by anodic and cathodic 
polarization.  While cathodic polarization extended the fatigue life, anodic polarization 
severely degraded the fatigue life.  Based upon these dramatic shifts in the fatigue lives at 
900 MPa, it was concluded that the degradation mechanism is stress-assisted dissolution, 
not hydrogen embrittlement.   
Finally, tensile tests were conducted with the Vit 105 BMG alloy with in situ 
infrared (IR) thermography to observe the evolution of shear bands during deformation.  
More importantly, the length, location, sequence, temperature evolution, and velocity of 
individual shear bands have been quantified through the use of IR thermography.  This 
study revealed that multiple shear bands can initiate, propagate, and arrest within the 
sample during a single tensile test, contrary to popular belief.  After arrest, many shear 
bands were reactivated at a later time and higher stress and propagated before arresting 
again.  The velocity of shear band propagation was estimated to be a minimum of 1 m/s.  
The temperature profiles along the axis of shear band propagation were found to 
continually decrease from the point of initiation to the point of arrest.  This gradual 
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decrease in the temperature as the shear band propagates suggests that arrest occurs 
because the driving mechanism slowly decreases until it is exhausted.  A maximum 
temperature increase of approximately 2.6°C was observed in association with the 
propagation of shear bands.  However, this temperature change is likely an underestimate 
of the actual increase in temperature generated by the shear band due to the limited 
temporal and spatial resolution of the IR camera and rapid heat conduction in the sample.  
Finally, the maximum temperature of a shear band has been shown to be the best 
predictor of the shear band length out of all of the parameters examined in this study.  
Based upon this correlation, it can be concluded that the final failure must have occurred 
when a critical shear-band temperature was attained in one or more of the shear bands, 
preventing the arrest of the shear band before it attained a critical length. 
Based upon all of these studies on a variety of BMG alloy systems, it is obvious 
that these materials are extremely sensitive to both material quality and surface defects.  
Therefore, future research on the improvement of BMG alloys should be focused on these 
areas.  However, these materials possess a unique collection of desirable properties 
despite these drawbacks.  Thus, it is possible that the shortcomings of this novel class of 
materials can be remedied through further study and understanding. 
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1. INTRODUCTION 
The term metallic glass or amorphous alloy describes a class of materials that 
have no long-range, periodic atomic order [1]. These amorphous alloys are fabricated 
through a variety of techniques all of which involve rapid solidification from the gas or 
liquid phase [1]. When the solidification of the melt or gas is rapid enough, the atoms of 
the alloy are essentially frozen in their liquid configuration. This novel microstructure 
results in unique mechanical, electrical, magnetic and corrosion behaviors not seen in 
typical crystalline materials [1].  Through years of research in alloy design, compositions 
were discovered that reduced the critical cooling rate necessary to produce the amorphous 
structure.  These new materials with a minimum thickness of approximately 1 mm are 
commonly called bulk metallic glasses (BMGs), bulk amorphous alloys (BAAs), or bulk 
amorphous materials (BAMs). 
Bulk metallic glasses (BMGs) are an emerging class of new materials with a 
unique collection of properties due to the amorphous microstructure.  These novel 
properties include high strength [2, 3], low modulus [4, 5], good impact toughness [6], 
high fracture toughness [7-9], high hardness [10], low magnetic energy loss [11], near-
net-shape formability [12-14], near-shape fabrication by injection molding and die 
casting [14, 15], microformability [12, 13, 16, 17], high fatigue limit [18-20], and high 
corrosion resistance [21-24].  Despite this appealing collection of properties, many 
aspects of BMGs have not been characterized or are not well understood.  In particular, 
the electrochemical behavior has not been explored for many BMG compositions.  
Furthermore, localized corrosion has been reported in every BMG corrosion study 
published to date.  This fact is unexpected for an ideally homogeneous material.  Finally, 
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the mechanical behavior of many BMG compositions has not been characterized, and the 
actual deformation and failure mechanisms are not fully understood. 
In order for BMGs to be used for structural applications in the future, the 
electrochemical and mechanical behaviors, and the interaction between these, must be 
clarified and thoroughly understood.  Therefore, the general objectives of this study are to 
better characterize the electrochemical and mechanical behaviors of several BMG 
compositions and better elucidate the mechanisms involved.  Specifically, the 
electrochemical and mechanical behavior of various BMGs will be examined through the 
following methods: 
i. Characterization of the electrochemical behavior of these BMGs in several 
environments; 
ii. Examination of the fatigue properties of these BMGs in air; and 
iii. Evaluation of the interaction of corrosion and fatigue in an aqueous 
environment. 
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2. REVIEW OF RELATED LITERATURE 
2.1. Historical Background of Amorphous Alloys 
Prior to the discovery of amorphous alloys in the 20th century, solidified metallic 
materials were only known to exist in their crystalline states.  Kramer claims to have first 
synthesized a metallic glass in the 1930’s through vapor deposition [25, 26].  In 1950, 
Brenner et al. reported the fabrication of an amorphous nickel-phosphorus alloy through 
electrodeposition [27].   
However, it was not until 1960 that Duwez, Klement and Willens at Caltech 
reported the formation of an amorphous solid by rapidly quenching a Au70Si30 [atomic 
percent (at.%)] alloy directly from the melt to liquid nitrogen temperature [28].  Almost 
simultaneously, Miroshnickenko and Salli reported the successful fabrication of an 
amorphous alloy as well [29].  Both amorphous alloys were fabricated through similar 
techniques that later acquired the designation of “splat-cooling” [1].  In the case of 
Duwez et al., they initially used what is commonly referred to as gun quenching.  A 
schematic diagram of the apparatus used by Duwez et al. is presented in Figure 1 (All 
figures are located in Appendix II).  In this technique, the metal alloy is melted in a 
crucible in an inert atmosphere.  The melt is quickly ejected from the crucible by an 
acoustic shock wave and strikes a cold copper surface.  The melt spreads out along the 
copper surface due to the force of impact and solidifies through rapid heat conduction.  
Through this innovative rapid cooling method, cooling rates of 106 – 108 K/s can be 
attained [30].  The technique utilized by Miroshnickenko and Salli once again begins 
with the metal alloy being melted in a crucible in an inert environment.  However, in this 
case, the melt is dropped between an anvil and a pneumatically driven piston (Figure 2) 
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[29].  The melt is struck between the piston and the anvil and spread into a thin layer on 
the cooled surface of the anvil.  Heat conduction out of this thin layer results in 
solidification with cooling rates in the range of 105 – 106 K/s [30].  Duwez and his group 
at Caltech proceeded to demonstrate glass formation in other alloy systems such as Pd-Si 
and Pd-Cu-Si.  All of these landmark discoveries were made through research on rapid 
cooling techniques to produce the necessary cooling rates greater than 105 K/s [30, 31].   
Other important early contributors to the subject were Turnbull and Chen.  Their 
research confirmed the glass transition in these alloy systems and others [32, 33].  
Turnbull was also the first to develop a measure for the glass-forming ability (GFA) of an 
alloy system.  He theorized that as the ratio of the glass transition temperature (Tg) to the 
melting temperature (Tm) increased to the range of 0.5 to 0.7, the nucleation of the 
undercooled melt should be slow enough to allow solidification of the melt without 
crystallization [34, 35].  This ratio (Tg/Tm) is known as the reduced glass transition 
temperature (Trg) and is still utilized today as a measure of the glass-forming ability 
(GFA) of an alloy. 
Both of the previously mentioned rapid quenching methods (Figures 1-2) were 
used by Duwez et al. and by Giessen and Grant at MIT throughout the 1960’s for further 
research into amorphous alloys.  It was through this research that two broad classes of 
amorphous alloys were identified.  The Duwez group identified what is commonly 
termed the metal-metalloid amorphous alloy system.  Generally, the metal-metalloid 
alloys contain about 80 at.% of a transition metal (i.e., Ni, Co, Fe, etc.) and 
approximately 20 at.% of a metalloid element (i.e., Si, P,  B, C, etc.) [30].  During the 
1960’s Giessen et al. discovered a second class of glass-forming alloys that are now 
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referred to as the metal-metal system [30].  This system typically contains an early 
transition metal (TM) or rare earth (RE) (i.e., Zr, Nb, Ti, etc.) and a late transition 
element such as Ni, Co, Fe, Pd, etc. [30].  
Innovation in this novel area of materials science continued in the 1970’s after 
continuous casting processes were developed [31].  Pond and Maddin developed a 
technique, known as melt-spinning, for the preparation of continuous, long lengths of 
amorphous alloy ribbons [36].  This continuous fabrication process introduced the 
possibility of a large-scale production method and interest in metallic glass research 
increased [1].  
However, the tremendous cooling rates necessary to produce these early 
amorphous alloys were a significant disadvantage.  In order to produce cooling rates on 
the order of 104–105 K/s, the samples must be extremely thin [37].  In fact, amorphous 
alloys produced by the aforementioned techniques were typically less than 100 µm in 
thickness [30].  It was not until the 1980’s that the next technological hurdle was 
surpassed in amorphous material research.  Turnbull and others demonstrated that Pd-Ni-
P alloys could be cast in rods with diameters of millimeters [38, 39].  Lee and Johnson 
also reported similar results with Au-Pb-Sb alloys at about the same time [40].  In the 
early 1990’s, Inoue and other collaborators began to systematically investigate the glass-
forming ability of a variety of multicomponent alloy systems [14].  These early bulk 
glass-forming compositions included the Zr-Al-Ni-Cu, Mg-Y-Ni-Cu, and La-Al-Ni-Cu 
systems [41-45].  Concurrently, Peker and Johnson also systematically investigated 
numerous Zr- and Ti-based alloy systems.  This work resulted in the discovery of bulk-
glass-forming alloys in the Zr-Ti-Ni-Cu-Be and Zr-Ti-Ni-Cu systems [46, 47]. 
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While previous amorphous alloys required critical cooling rates (Rc) on the order 
of 104–105 K/s, these new multicomponent alloy systems that were designed by Inoue et 
al. and Johnson et al. required much lower critical cooling rates on the order of 10-1–103 
K/s, as demonstrated in Figure 3.  Over the next decade, many glass-forming alloy 
systems were discovered.  These multicomponent systems included Mg- [48], Ln- [49], 
Zr- [41, 46], Fe- [50, 51], Pd-Cu- [52], Pd-Fe- [53], Ti- [54, 55], Cu- [56], Co- [57, 58], 
Ca- [59, 60], Y- [61], and Ni-based [62] alloys.  These alloy systems are summarized in 
Table 1 (All tables are located in Appendix I) along with the year in which the first paper 
or patent was published on each system.  These advances meant that maximum sample 
thickness (tmax) and glass-forming ability (GFA) increased greatly with the advent of 
these new alloys, as graphically demonstrated in Figure 4.  Finally, this new class of 
materials is distinctly unique, as can be seen in Figure 5.  In terms of materials selection 
for a specific application, as one selects a crystalline material with higher strength, the 
trade-off is significantly greater stiffness.  However, BMGs maintain their elasticity even 
with large increases in strength, as demonstrated by the distinctly different linear 
relationship in Figure 5. 
 
2.2. Empirical Rules of Glass Formation 
With the design and discovery of many bulk glass-forming systems, an 
understanding of the criteria necessary to avoid crystal nucleation on solidification began 
to take shape.  Inoue et al. proposed three empirical rules for the achievement of a large 
glass-forming ability as follows: (a) a multicomponent system consisting of three or more 
elements, (b) atomic size ratios with differences of greater than 12% among the 
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constituent elements, and (c) negative heats of mixing among the constituent elements 
[41, 49, 63, 64].  Together, these rules increase the complexity of the alloy and result in 
the “frustration” of the crystallization process upon solidification [31]. 
In addition to these empirical rules for glass formation, various parameters were 
developed to describe / predict the glass-forming ability of various alloy systems.  As 
previously mentioned, Turnbull was the first to suggest that, as the ratio of the glass-
transition temperature to the melting temperature (Tm) increased, the homogeneous 
nucleation rate of crystals in the undercooled melt would decrease [34, 35].  This 
criterion is commonly known as the “Turnbull criterion” or the reduced glass-transition 
temperature (Trg).  
Reduced glass transition temperature = Trg = Tg / Tm                (1) 
Based upon this criterion, the GFA should increase as Trg increases.  In practice, Trg 
values greater than 0.6 – 0.7 are generally necessary for bulk glass formation [31]. 
Masumoto and Inoue have used the size of the supercooled liquid region (∆Tx) as 
a measure of the stability of the undercooled liquid above Tg [14].  The supercooled 
liquid region is defined as follows: 
Supercooled liquid region = ∆Tx = Tx - Tg           (2) 
where Tx is the temperature at the onset of crystallization.  As described by Masumoto 
and Inoue, the GFA of the alloy should increase as ∆Tx increases.  However, several 
studies have demonstrated that this relationship is not valid for all BMG alloys [65-68]. 
 More recently, Lu and Liu have systematically addressed the shortcomings 
of these criteria.  They proposed a new, comprehensive criterion for the prediction of 
GFA as follows [69]: 
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γ = Tx / (Tg + TL)  (3) 
where TL is the liquidus temperature.  The denominator accounts for the liquid phase 
stability (thermodynamics) while the numerator describes the resistance to crystallization 
(kinetics).  As TL and Tg decrease, the supercooled liquid stability and GFA increase.  On 
the other hand, higher values of Tx result in an increased resistance to crystallization and 
a higher GFA.  Therefore, the best GFA is obtained when γ is equal to 0.5.  This 
parameter was reportedly effective at predicting the relative GFAs for various glass-
forming materials. 
 
2.3. Electrochemical Properties of Bulk Metallic Glasses 
Corrosion is dependent on both the chemistry of the electrolyte and the chemical 
composition of the material.  Localized corrosion is particularly dependent upon physical 
damage or physical irregularities in the passive film such as grain boundaries, scratches, 
differing phases, crystal imperfections, etc. [70].  Therefore, it would be expected that 
amorphous alloys should exhibit improved resistance, or even immunity, to localized 
corrosion due to the inherent microstructural homogeneity and lack of these surface 
irregularities.  With this in mind, several recent studies have compared the corrosion 
behavior of bulk metallic glasses in both the amorphous and crystalline states.  In general, 
all of these studies have found a susceptibility of various BMG alloys to localized 
corrosion.  Depending upon the particular components in the alloys, the general corrosion 
rates and resistances to localized corrosion have varied widely.  However, the Zr-based 
BMGs have typically demonstrated reasonably low corrosion rates and moderate to high 
resistances to localized corrosion.  Based upon various studies, it is believed that the 
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susceptibility to localized corrosion is due to inhomogeneities in the materials.  Thus, the 
quality and homogeneity of the BMG material is of utmost importance for good 
electrochemical behavior.  A brief summary of some of the various electrochemical 
studies will follow. 
Peter et al. performed cyclic-anodic-polarization tests in 0.6 M NaCl on both 
amorphous and crystalline Zr52.5Cu17.9Ni14.6Ti5.0Al10.0, commonly known as Vitreloy 105 
(Vit 105) [21].  Both states exhibited passive corrosion behaviors at the natural corrosion 
potentials and pitting-corrosion susceptibilities.  However, the amorphous alloy was 
found to be slightly more resistant to pitting corrosion than the crystalline alloy.  
Furthermore, the protective passive film was shown to reform quickly following 
mechanical damage with a diamond stylus. 
Along the same lines, Schroeder et al. investigated the electrochemical properties 
of the Zr-based Zr41.2Ti13.8Ni10.0Cu12.5Be22.5 (at.%) BMG alloy, commonly referred to as 
Vitreloy 1 (Vit 1) or Liquidmetal-001 (LM-001), in both the amorphous and crystalline 
states in 0.5 M NaCl and 0.5 M NaClO4 [71].  The results indicated that the amorphous 
alloy was only slightly more resistant to pitting corrosion than the crystalline alloy in the 
NaCl electrolyte.  In the NaClO4 electrolyte, the amorphous and crystalline states did not 
demonstrate any significant differences in corrosion behavior. 
Koster et al. studied the corrosion behavior of a crystalline and amorphous 
Zr69.5Cu12Ni11Al7.5 (at.%) melt-spun alloy [72].  Potentiodynamic polarization tests were 
conducted in a 0.1 N NaOH electrolyte at room temperature.  They found that there was 
no significant difference in the corrosion behavior between the crystalline and amorphous 
alloys. 
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Finally, He et al. examined the corrosion behavior of the Vit 105 alloy in various 
states of crystallinity [73].  The electrochemical behavior of the as-cast amorphous alloy 
was compared to the same alloy annealed for 5, 20 and 60 minutes at 500°C in argon to 
produce samples with 11%, 63% and 100% volume fraction of nanocrystals, respectively.  
Electrochemical characterization was conducted in aerated 0.5 kmol / m3 H2SO4 or 0.5 
kmol / m3 NaCl electrolytes.  Compared to the crystalline samples, the amorphous 
samples exhibited good resistance to general corrosion in 0.5 kmol / m3 H2SO4 and to 
pitting corrosion in 0.5 kmol / m3 NaCl.  Both general and pitting corrosion resistances 
were found to be inversely proportional to the volume fraction of nanocrystals. 
Electrochemical studies have also been conducted to determine the effect of 
specific alloying elements on the corrosion behavior of BMGs and the resultant passive 
films.  For example, Raju et al. examined the effect of Nb and Ti additions on the 
corrosion behavior of Zr-based BMGs in 0.1 M Na2SO4 and 0.01 M NaCl electrolytes 
[74].  In particular, Zr-Al-Cu-Ni-X alloys containing small amounts of X = Nb or Ti 
exhibited improved corrosion resistance in chloride containing electrolytes as compared 
to the quaternary alloy Zr55Al10Cu30Ni5 (at.%).  However, the improvement in corrosion 
resistance was attributed to the higher GFA of these alloys and the resultant 
homogeneous single-phase amorphous material.  In addition, Auger electron 
spectroscopy (AES) was also utilized to study the role of alloying elements in the 
formation of passivating films.  The quaternary alloy exhibited the thickest oxide layer 
(approximately 18 nm) while the Nb-containing alloys produced relatively thin passive 
films (approximately 12-13 nm) significantly enriched in Cu and Ni near the oxide / alloy 
interface. 
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Pang et al. characterized the electrochemical behavior of melt-spun amorphous 
alloys with nominal compositions of Zr60-xNbxAl10Ni10Cu20 (x = 0, 5, 10, 15, 20 at%) 
[75].  These alloys were evaluated in 1 N HCl, 3 mass% NaCl and 1 N H2SO4.  This 
study demonstrated that the addition of increasing amounts of Nb to this alloy resulted in 
decreasing supercooled liquid regions (∆Tx), increasing equilibrium corrosion potentials, 
considerable improvements in the corrosion resistance in the 1 N HCl electrolyte, and 
increasing pitting potentials in the 3% NaCl electrolyte.  For the 1 N H2SO4 electrolyte, 
all of the alloys investigated exhibited high corrosion resistance with wide passive 
regions and passive current densities lower than those of pure Zr and pure Ni metals. 
Gebert et al. examined the electrochemical behavior of a Zr55Cu30Al10Ni5 (at.%) 
bulk metallic glass [76].  Potentiodynamic and potentiostatic polarization measurements 
were investigated in 0.1 M Na2SO4 and 0.001 M NaCl electrolytes at 150°C and 250°C.  
The results revealed accelerated corrosion with increases in temperature as compared to 
the room temperature behavior.  The degradation of the corrosion resistance was 
attributed to enhanced metal dissolution and to changes in the oxide growth mechanisms.  
At higher temperatures, the oxide layer formed in thicker layers but was more permeable 
and, therefore, less protective.  Pitting initiated primarily at crystalline inclusions in 
chloride-containing electrolytes at high temperatures. 
Hiromoto et al. at the National Research Institute for Metals in Tsukuba, Japan 
have published multiple reports in the literature regarding electrochemical studies of Zr-
based BMGs in biologically relevant environments.  In one study, they characterized the 
influence of pH on the corrosion behavior of an amorphous Zr65Al7.5Ni10Cu17.5 (at.%) 
melt-spun ribbon [77].  Potentiodynamic polarization tests were conducted in a deaerated 
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phosphate – citric-acid-buffered solution (PCA) at various pH levels between 2.2 and 8.0 
and in a deaerated phosphate-buffered-saline solution (PBS) at a pH of 7.5.  This research 
demonstrated that the pitting potential of this Zr-based BMG was not influenced by the 
pH.  Furthermore, chloride ions did not influence the open-circuit potential (Ecorr).  
However, the quantity of metal ions released from the alloy increased with decreasing pH 
through a shift in Ecorr and an increase in the solubility of the passivation layer.  Although 
the pitting corrosion resistance decreased with decreasing pH, the repassivation potential 
was always higher than Ecorr.  Therefore, pitting corrosion is not likely to occur with this 
alloy in environments similar to those found in vivo. 
In another study, Hiromoto et al. investigated the effect of the chloride ion 
concentration on the anodic polarization behavior of the same Zr65Al7.5Ni10Cu17.5 (at.%) 
melt-spun amorphous alloy [78].  Again, the electrolyte was a deaerated phosphate – 
citric-acid-buffered solution (PCA).  However, in this study, the chloride ion [Cl-] 
concentration was varied from 0 to 1.0 M.  With increasing chloride ion concentration, 
Ecorr was constant and Epit decreased logarithmically.  The polarization resistance (Rp) 
decreased with increasing chloride concentration up to 6.8 x 10-2 mol / L and remained 
constant at higher concentrations. 
Hiromoto et al. also evaluated the electrochemical behavior of this same 
Zr65Al7.5Ni10Cu17.5 melt-spun amorphous alloy in phosphate buffered solutions with 
varying amounts of chloride ions [Cl-], pH, and dissolved oxygen [DO] in the electrolyte 
[22].  This alloy demonstrated high corrosion resistance in all of the electrolytes 
evaluated with polarization resistances similar to those of pure titanium.  Both Rp and the 
pitting corrosion resistance decreased with decreasing pH and increasing chloride ion 
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concentrations.  However, the pitting potential was higher than the open-circuit potential 
(Ecorr) down to a pH of 2.2. 
Furthermore, Hiromoto et al. examined the electrochemical behavior and surface 
composition of a Zr60M5Al7.5Cu27.5 (M = Pd, Ni, In, Mn, Cr, Ti, Nb and Zr) (at.%) melt-
spun amorphous alloy [79]. Anodic polarization experiments were conducted in a 
deaerated phosphate-buffered saline solution at a pH of 7.5 at 37°C.  XPS was utilized to 
characterize the surface composition of the alloys after immersion in the electrolyte for 
1.8 x 103 seconds.  XPS analysis revealed that Al is enriched in the surface oxide film 
while Cu is enriched in the substrate just below the surface oxide film.  The anodic 
polarization behavior of the alloys was found to correlate with the [Zr] / [Zr+Al] ratio in 
the surface oxide film, where the Rp and Epit decreased with an increase in the [Zr] / 
[Zr+Al] ratio.  The alloys containing Pd, Ni and Nb demonstrated the highest values of 
Rp and the Pd-, In- and Zr-containing alloys exhibited the highest values of Epit. 
Finally, Hiromoto et al. have also conducted electrochemical studies of an 
amorphous powder consolidated Zr65Al10Ni10Cu15 (at.%) alloy immersed in cell culture 
medium [23, 80].  Anodic-polarization tests were conducted in the following deaerated 
electrolytes:  Hanks’ solution, Eagle’s minimum essential medium (MEM) and cell 
culture medium (MEM + FBS) consisting of MEM and fetal bovine serum (FBS).  The 
different solutions were used to determine the effect of various components on the 
electrochemical behavior.  Hanks’ solution contains only inorganic ions, MEM contains 
inorganic ions and amino acids, and MEM + FBS contains inorganic ions, amino acids 
and proteins [23].  Furthermore, short-term and long-term immersion in the electrolytes 
was conducted to evaluate the effect of the immersion time on the corrosion performance 
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of this alloy.  The amino acids and proteins present in the MEM + FBS electrolyte were 
found to retard the cathodic reaction resulting in a decrease in Ecorr.  Independent of the 
presence of biomolecules, long-term immersion in the electrolyte prior to the polarization 
tests resulted in higher values of Ecorr, Rp and Epit.  However, the difference between Ecorr 
and Epit decreased after long-term immersion. 
 
2.4. Mechanical Properties of Bulk Metallic Glasses 
2.4.1. Monotonic Loading 
The monotonic deformation response of bulk metallic glasses can be classified as 
either inhomogeneous or homogeneous, depending upon the deformation conditions [15, 
81, 82].  At low strain rates and high temperatures (e.g., T > 0.70 Tg), BMGs typically 
demonstrate homogeneous deformation with significant plasticity [81].  For example, 
Nieh et al. reported that the Vit 105 BMG alloy exhibited a maximum tensile elongation 
of over 600% at 425 - 440°C and a high strain rate of 10-2 s-1 [82].  Photos of these BMG 
samples after the tensile tests and the stress-strain curves are shown in Figure 6(a) and 
6(b), respectively.  Furthermore, the temperature for the transformation from 
inhomogeneous to homogeneous deformation is strongly dependent upon the strain rate 
[15].  Depending upon the strain rate and temperature, the deformation of BMGs in the 
supercooled liquid region can be Newtonian viscous flow (lower strain rates) or non-
Newtonian (higher strain rates) [15, 30].  Nieh et al. attributed the non-Newtonian 
behavior to glass instability in the form of stress-induced nanocrystallization [15].  In 
addition, Kawamura et al. reported superplasticity in a Pd-based BMG above Tg at strain 
rates from 10-4 to 100 s-1 with a maximum elongation to failure of 1260% [83]. 
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On the other hand, at high strain rates and low temperatures (e.g. room 
temperature), BMGs exhibit inhomogeneous deformation, which is characterized by the 
formation of localized shear bands that rapidly propagate and result in catastrophic 
failure.  Wright et al. [84] and Schuh et al. [85] reported this behavior following 
nanoindentation studies in which they observed serrated flow upon loading.  In addition, 
Nieh et al. have demonstrated that serrated flow is strongly dependent upon the rate of 
deformation, with rapid deformation rates suppressing the prominence of the serrations 
[81]. 
Two primary hypotheses exist in the literature regarding plastic flow and 
localized shear bands in monotonically-loaded BMGs [86].  The first theory suggests that 
the viscosity in the shear bands decreases due to the formation of free volume [87].  The 
second theory contends that the viscosity in the shear bands decreases due to local 
adiabatic heating [88].  Either way, the decrease in viscosity results in localized 
deformation and inhomogeneous flow within the shear bands. 
Wright et al. studied the serrated plastic flow in Zr40Ti14Ni10Cu12Be24 (at.%) and 
Pd40Ni40P20 (at.%) during compressive loading [86].  Quantitative measurements of the 
serrated deformation during mechanical testing were used to estimate the temperature 
increase in a single shear band due to local adiabatic heating.  The resultant estimation 
predicted temperature increases on the order of only a few degrees Celsius.  Therefore, 
the authors conclude that localized heating is not likely the primary cause of shear 
banding.   
Gilbert et al. investigated the light emission phenomenon observed during the 
fracture of the Vit 1 alloy [89].  Charpy V-notch impact tests in oxygen and nitrogen 
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were conducted in conjunction with spectroscopic measurements of the light emitted 
upon fracture.  In oxygen, the spectra exhibited a single, broad peak that could be fit to an 
approximate blackbody temperature of 2900 K.  In nitrogen, the intensity of the light 
emitted was reduced by more than four orders of magnitude and the effective blackbody 
temperature was estimated to be 1400 K.  In addition, the fracture surfaces from both 
environments exhibited the vein morphology typically reported in the literature.  Based 
upon these observations, the authors suggested that the light emission associated with the 
fracture of BMGs is due to pyrolysis of the newly created surfaces upon failure.  
Furthermore, the temperature measured in the nitrogen environment is proposed to be a 
direct measurement of the deformation-induced heating. 
Zhang et al. examined the cyclic deformation and fatigue-crack propagation of the 
Vit 1 alloy in both the amorphous and partially crystalline states [90].  Both states 
demonstrated controlled crack growth prior to final fracture under fully reversed, stress-
controlled loading.  The amorphous and partially crystalline samples failed at an average 
of approximately 19,000 and 13,000 cycles, respectively.  The fatigue exponent ranged 
between 1.43 and 1.66 in the Paris regime.  Stages of crack initiation, stable crack 
propagation and overload fracture could be clearly discerned on the fracture surfaces of 
the amorphous samples.  The crystalline phases were reported to act as sites for crack 
initiation as opposed to barriers against crack propagation under fully reversed stress 
control.  However, under fully reversed load control, the acicular crystalline phases can 
retard crack growth or act as crack initiation sites, depending upon the orientation to the 
crack growth direction.   
 17
 
 
Li et al. examined the initiation and propagation of shear bands in Vit 1 and 
Zr57Cu15.4Ni12.6Al10Nb5 (at.%), known as Vitreloy 106, through in situ tensile tests 
conducted in an SEM [91].  It was reported that both the normal and shear stresses played 
a role in the initiation and propagation of shear bands in BMGs. Mode II shear 
microcracks initiated and propagated along the shear bands.  These mode II cracks 
opened and became mode I + II complex cracks with depths of 10-20 µm.  Failure 
occurred as soon as the complex crack became a mode I crack that penetrated the 
thickness of the samples. 
Hufnagel et al. also investigated shear-band kinetics through in situ three-point 
bend tests of an amorphous Zr57Ti5Cu20Ni8Al10 (at.%) alloy in an SEM [92].  The initial 
shear bands were reported to coincide with the onset of plastic deformation.  The density 
of shear bands increased dramatically with increasing load and serrated flow appeared to 
be correlated with the initiation of new shear bands.  Final failure occurred on one of the 
primary shear bands on the surface of maximum tensile stress. 
However, it is important to note that all of the aforementioned measured or 
estimated temperature increases were primarily associated with the final fracture or crack 
growth and not those associated with simple shear banding prior to failure.  Wright et al. 
studied the serrated plastic flow in Zr40Ti14Ni10Cu12Be24 (at.%) and Pd40Ni40P20 (at.%) 
during compressive loading [86].  Quantitative measurements of the serrated deformation 
during mechanical testing were used to estimate the temperature increase in a single shear 
band due to local adiabatic heating.  It was assumed that each serration was due to the 
formation of one shear band.  The resultant estimation predicted temperature increases on 
the order of only a few degrees Celsius.  Therefore, the authors concluded that localized 
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heating is not likely the primary cause of shear banding.  On the other hand, 
Lewandowski et al. cleverly estimated the temperature rise associated with shear-banding 
by coating Cu-, Hf-, and Zr-based BMG samples with thin films of low-melting-point 
metals [93].    The authors reported temperature increases, in all cases, of at least 200ºC, 
based upon the melting of the thin films at the locations of shear bands. 
The applications of these new materials are limited in many cases due to the lack 
of plasticity in tension.  A multitude of studies on improving the plasticity of BMGs exist 
in the literature [2].  In fact, improvements in plasticity with a minimal loss of strength 
have been reported through the precipitation of various crystalline particles [2].  On the 
other hand, the deformation and failure mechanisms of BMGs are not well understood.  
The general consensus in the literature is that deformation occurs through highly 
localized shear bands near the plane of maximum shear within the material.  Although 
more than 30 years have passed since Spaepen and Leamy proposed their respective 
theories, the exact mechanisms of shear band formation and propagation behavior still 
have not been clearly delineated. 
2.4.2. Cyclic Loading 
Theoretically, the absence of plastic deformation in BMG alloys suggests that a 
perfectly amorphous alloy, without constraint, could exhibit an ideal fatigue limit – one 
that approaches the ultimate tensile strength [19, 94].  However, this early theory has not 
been demonstrated.  On the contrary, the first fatigue study of a BMG was conducted by 
Gilbert et al. on the Vit 1 alloy [95, 96].  Four-point bend tests at frequencies of 25 Hz, 
with a stress ratio (R = σmin / σmax) of 0.1, resulted in a fatigue endurance limit, in terms 
of the stress range (σr), of approximately 152 MPa, or a normalized stress range (stress 
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range / ultimate tensile strength) of 0.08.  In contrast, conventional crystalline alloys, 
such as high-strength steels and titanium and aluminum alloys, typically exhibit fatigue 
endurance limits, in terms of the stress range, that are 30-50% of the ultimate tensile 
strengths [97].  However, the crack-propagation behavior of this alloy was found to be 
similar to that observed in ductile, crystalline alloys “in terms of (a) the dependence of 
crack-growth rates on the applied stress-intensity factor range, (b) the role of the load 
ratio and crack closure, and (c) the presence of ductile striation on fatigue fracture 
surfaces” [9, 96].  Thus, the authors concluded that the low fatigue endurance limit was 
due to the ease of crack initiation in the BMG alloy. 
Peter et al. compared the uniaxial fatigue behavior (R = 0.1, ν = 10 Hz) of the Vit 
105 BMG alloy in both air and vacuum [18, 19].  Samples tested in air exhibited slightly 
longer lifetimes and less scatter than those tested in vacuum.  More importantly, they 
reported a high fatigue endurance limit at a stress range of 907 MPa (Figure 7), 
approximately 53% of the ultimate tensile strength. 
Likewise, Wang et al. also conducted uniaxial fatigue experiments (R = 0.1, ν = 
10 Hz) on the Zr50Cu40Al10 (at.%) and Zr50Cu30Al10Ni10 (at.%) BMG alloys in air and 
vacuum [20].  The authors reported fatigue-endurance limits at stress ranges of 752 MPa 
and 865 MPa, respectively, resulting in normalized stress ranges of 41% and 46%, 
respectively. 
Gilbert et al. studied the mechanisms for fracture and fatigue-crack propagation 
through the use of compact-tension (CT) specimens of the Vit 1 alloy [96].  The mean 
fracture toughness of that composition was reported to be approximately 55 MPa m0.5.  
This value decreased to 1 MPa m0.5 upon partial crystallization.  For the fully amorphous 
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samples, stable fatigue-crack growth was reported with rates that were comparable to 
those observed in traditional polycrystalline alloys (Figure 8).  In addition, the crack 
growth behavior was consistent with Paris’ law with a crack-growth exponent (m) in the 
range of 2 – 5, common values for ductile, crystalline materials.  Furthermore, the values 
for ∆KTH were determined to be in the range from 1 -3 MPa m0.5, which is again 
comparable to crystalline materials such as aluminum alloys and high-strength steels. 
Fatigue fracture surfaces have been analyzed in detail to gain insight into the 
cyclic crack-growth mechanisms.  Through careful analysis, Tatschl et al. reported that 
the fatigue fracture surfaces contained striations with relatively constant spacing 
independent of crack-growth rate and stress intensity range [98].  The overload regions of 
the fracture surfaces consisted of the typical vein morphology that was generated by 
localized necking. 
Despite a number of studies on the fatigue behavior of BMGs reported in the 
literature, great inconsistencies in the fatigue limit of these materials have been reported.  
The aforementioned results are summarized in Table 2 along with several high-strength 
alloys and pure Zr for comparison.  Finally, the exact deformation and failure 
mechanisms in cyclic-loading conditions have not yet been clearly delineated. 
 
2.5. Corrosion Fatigue 
Corrosion fatigue is the damage to or failure of a metal due to corrosion combined 
with fluctuating stresses [99].  In general, corrosion fatigue can occur by one of three 
primary mechanisms:  stress-assisted dissolution (SAD), hydrogen-assisted cracking 
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(HAC), or liquid metal embrittlement [97, 100].  Since this study is not concerned with a 
liquid metal environment, only the first two mechanisms will be discussed. 
Stress-assisted dissolution, or anodic dissolution, occurs in materials that form 
passive films in a given environment.  The applied, fluctuating stresses cause localized 
plastic deformation at the crack tip, resulting in rupture of the passive film.  The exposed 
bare metal serves as the anode and the unbroken passive film can serve as the cathode.  
As a result, anodic dissolution of the exposed bare metal leads to crack growth [97].  
Ironically, materials that have moderate repassivation rates are most vulnerable to this 
corrosion fatigue mechanism.  Anodic dissolution associated with low repassivation rates 
results in rapid dissolution on the crack sides, resulting in blunting of the crack tip and a 
decrease in the crack growth rate.  On the other hand, high repassivation rates result in 
little anodic dissolution per film-rupture event [97]. 
Hydrogen-assisted cracking, or hydrogen-induced embrittlement, occurs when the 
pH and the potential within the crack tip are sufficiently low to allow for the reduction of 
hydrogen ions or water to hydrogen.  These hydrogen atoms can adsorb on the metal 
surface, combine, absorb, and rapidly diffuse to the crack-tip stress field, resulting in 
embrittlement ahead of the crack tip [97]. 
A primary technique for distinguishing between SAD and HAC is by studying the 
effect of applied potentials on the fatigue crack growth rate or fatigue life [100].  The 
basic idea for this technique was first theorized by Uhlig [101], followed by development 
by Phelps and Loginow [102].  According to the theory, if an applied cathodic potential 
increases the time to failure, the degradation mechanism operating at the open-circuit 
 22
 
 
potential is SAD.  On the other hand, the operating mechanism is HAC if an applied 
anodic potential increases the time to failure. 
Several studies have examined the environmental effect on the fatigue properties 
of BMG alloys.  For instance, Schroeder et al. studied the effect of the environment on 
the fatigue behavior of the Vit 1 BMG alloy [103].  Fatigue and fatigue crack-growth 
studies were conducted in air, deionized water, and 0.5 M NaCl at a frequency of 25 Hz 
with R = 0.1.  The authors reported that deionized water caused a marginal increase in the 
crack-growth rate, while 0.5 M NaCl caused a substantial increase of two to three orders 
of magnitude, in addition to a decrease in the threshold stress-intensity factor range 
(∆KTH).  Sustained loading of the sample in the 0.5 M NaCl solution resulted in stress-
corrosion cracking with crack-growth rates comparable to the cyclically-loaded 
condition. 
Ritchie et al. reported similar results in fatigue tests of the Vit 1 BMG alloy in air, 
de-ionized water, and aerated 0.5 M NaCl [104, 105].  These results are presented in 
Figure 9. While fatigue striations were observed on the samples tested in air and de-
ionized water, none were visible on the samples tested in the NaCl solution.  
Furthermore, the exponent in Paris’ law for the samples tested in NaCl approached zero 
in the plateau region, compared to an exponent of approximately 1.6 in air.  The authors 
conclude that this type of behavior that was observed in the NaCl solution is typical of 
stress-corrosion fatigue.  The stress-corrosion fatigue behavior was further investigated 
by polarizing the samples during fatigue.  For this material, the open-circuit potential 
(Ecorr) lies between the pitting potential (Epit) and the protection potential (Epp).  
Therefore, immersion in the NaCl electrolyte without polarization led to elevated crack-
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growth rates.  However, when the samples were cathodically polarized, the fatigue crack-
growth rates were reduced greatly, or the fatigue cracks were arrested completely at 
cathodic potentials below approximately -750 mV (Figure 10), as measured versus the 
saturated calomel electrode (SCE).  Moreover, the authors conclude that the crack-growth 
mechanism is not hydrogen-based because anodic polarization did not affect the crack-
growth rates in the NaCl solution.  Finally, Ritchie et al. utilized the experimentally-
measured crack-growth rates, over the time (t) of one cycle, in NaCl at the open-circuit 
potential, [da/dt (K(t))]SCC, to evaluate the effect of a static load on the fatigue-crack 
growth.  Using a superposition model, predictions of effective fatigue crack-growth rates, 
(da/dN)eff, in the NaCl solution can be calculated according the following equation: 
( )( ) dttK
dt
da
dN
da
SCCeff
∫ ⎥⎦⎤⎢⎣⎡=⎟⎠⎞⎜⎝⎛
ν1
0
            (4) 
where ν is the frequency.  The SCC model prediction, with an average value for the onset 
of SCC (KISCC) of 0.9 MPa m0.5, was consistent with the experimentally-measured fatigue 
crack-growth rates observed in the NaCl solution, as demonstrated in Figure 11. 
In addition, Maruyama et al. performed fatigue tests with the Zr65Cu15Ni10Al10 
(at.%) BMG alloy, fabricated by dry-pressing of consolidated powder, in dry air at 
ambient temperature (R = 0.1, ν = 20 Hz), and in a phosphate-buffered saline (PBS) 
electrolyte at 37°C with a pH of 7.5 (R = 0.1, ν = 2 Hz) [106].  The PBS electrolyte was 
deaerated with a N2 / O2 gas mixture to produce a physiologically-relevant oxygen 
content.  As shown in Figure 12, there was no difference between the stress-fatigue life 
(S-N) curves in air and PBS.  Furthermore, testing in both environments resulted in 
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fatigue limits at stress ranges of 300 MPa at 107 cycles.  These values result in a fatigue 
endurance limit that is 24% of the tensile strength.  For comparison to crystalline Ti-
based alloys, Ti-6Al-4V and pure Ti have fatigue ratios of 25% and 34%, respectively.  
Finally, the fracture surfaces of the samples tested in both environments were similar.  
Crack initiation reportedly occurred primarily at defects or impurity particles. 
 
2.6. Biomedical Applications of Bulk Metallic Glasses 
The unique properties of BMGs make these materials attractive alternatives in 
biomedical applications.  BMGs have potential biomedical applications as screws due to 
their toughness and high strength.  Moreover, certain BMG compositions have been 
reported to have a low magnetic susceptibility, which could be advantageous in 
applications of surgical instruments for interventional magnetic resonance imaging (MRI) 
[107-109].  The ease of micro-forming / fabrication of BMGs [13, 17] also lends itself to 
the production of gears for small, high-powered micromotors that could be of use in 
arthroscopy tools.  Finally, one of the most promising biomedical applications of bulk 
metallic glasses is for bone fracture fixation and hip arthroplasty components.  BMGs 
possess low moduli that are comparable to the modulus of bone as well as high strength 
to withstand the large forces generated within the skeletal system of the human body. 
Bone is a living tissue that undergoes constant remodeling through simultaneous 
bone formation and resorption [110].  Bone formation is performed by osteoblasts while 
bone resorption is performed by osteoclasts.  Current understanding suggests that the 
local mechanical environment affects this tissue remodeling process [110].  
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Traditionally, rigid internal fixation of bone fractures has been utilized to 
maintain alignment and promote “primary osseous union by stabilization and 
compression” of the fracture [111].  This type of internal fixation is commonly attained 
through the use of metallic plates, screws and rods.  However, difficulties associated with 
this method of fixation arise due to the bone plate / bone mechanical mismatch.  This 
mismatch in mechanical properties results in the relatively rigid plate “shielding” the 
underlying bone from the stress to which it is typically exposed [112].  This phenomenon 
is known as stress-shielding or stress protection atrophy.  Multiple reports in the literature 
have demonstrated that stress-shielding results in bone remodeling causing cortical 
thinning or osteoporosis, or both [112-116].  The ability of bone to structurally adapt to 
loading conditions and form the optimal structure to support loads has been described by 
Wolff’s Law [117-119]. 
Furthermore, it has also been demonstrated that the magnitude of this detrimental 
bone remodeling is a function of the flexural stiffness of the plate [112].  For example, 
Bradley et al. examined the effect of bone plates with a range of flexural stiffnesses on 
the bone healing and remodeling of osteotomized femora in dogs [112].  They found that 
decreased flexural rigidity of the plate used was associated with increased strength of the 
bone.  In other words, the decreased stiffness of the plate resulted in a greater load on the 
bone and the formation of “denser, stronger bone” according to Wolff’s Law [112].  
Finally, they theorized that this effect might have been even more drastic had the study 
been conducted for a longer time. 
In order to avoid stress-shielding of the bone during fracture healing, the stiffness 
of the fixation device should be closely matched to the stiffness of healthy bone.  The 
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proper material initially would carry a majority of the load. However, as healing 
progressed, the bone would carry an increasing share of the stress. A fixation device such 
as a bone plate or intramedullary rod with an elastic modulus similar to bone would allow 
this to occur.  For comparison, the pertinent mechanical properties of a BMG are 
compared to common biomaterials in Table 3.  As demonstrated in the table, the modulus 
of the Vit 105 BMG alloy is approximately 10 – 28% less than that of the Ti-6Al-4V 
alloy. 
 
2.7. Biocompatibility 
Biocompatibility can be defined as “the ability of a material to perform with an 
appropriate host response in a specific application” [120].  All biomedical implant 
devices interact to some extent with the tissue environment in which they are placed 
[121].  In other words, “inert” materials do not exist.  The extent and results of this 
interaction define, in part, the biocompatibility of the device. Furthermore, the dynamic 
interaction between the device and the tissue includes the effects of the implant on the 
host tissue (host response) as well as the effects of the tissue on the implanted device 
(material response) [122].  However, these effects are typically interrelated, dependent 
upon the location, time of implantation, and function of the material and must be 
considered as a whole [123].  Often, the physiological fluids cause an adverse effect on 
the material, leading to the release of soluble or particulate matter and, in turn, leading to 
an adverse response from the tissue.  It is crucial that any biomedical implant be 
evaluated for biocompatibility before clinical trials are initiated.  
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The biocompatibility of metallic materials is partially determined by the 
electrochemical interaction that results in the release of metal ions into the surrounding 
tissue and the cytotoxicity of these substances [122].  In fact, the corrosion rate of a 
material is directly related to the total amount of the metal content introduced into the 
body as described by the Taylor equation [124, 125].  Furthermore, the biocompatibility 
of metallic materials is also partially determined by the cytotoxicity of the types and 
quantities of metal ions that are released into the surrounding environment.  However, 
this variable must be determined through analytical methods (e.g., atomic absorption 
spectrometry) and can not be predicted from the nobility or the overall composition of an 
alloy [126, 127].  All metallic materials corrode and release metal ions in the 
physiological environment.  Therefore, biocompatibility is improved by minimizing the 
corrosion rate and selecting materials whose corrosion products produce the lowest levels 
of cytotoxicity. 
The cytotoxicity of the metal ions is difficult to characterize.  The conclusions, in 
many cases, are contradictory or rather vague.  For example, some elements that are 
considered to be cytotoxic (e.g., Co, Ni, V, Al) are commonly used in biomedical 
applications without many known, severe complications.  Contradictions between various 
reports could be due to antagonistic or protective effects caused by various metal 
combinations, differences in cell types, differences in assays, differences in the particular 
cellular response monitored, differences in exposure duration, or because of differences 
in the valence and concentrations of the metal ions examined [126, 128]. 
Numerous in vitro studies on the cytotoxicity of metallic ions and salts are 
reported in the literature [126, 129-136].  In some of these studies, the metallic ions or 
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salts were added to various cell cultures (e.g., fibroblasts, macrophages, neuroblastomas, 
etc.) and various assays were utilized to evaluate the effects on the cells.  The 
cytotoxicological potential of a tested substance was often expressed as an IC50 value 
(inhibitory concentration 50%), which is the concentration of the substance required to 
induce a 50% variation of a particular cellular response in comparison to that of untreated 
cells [134].  The results from several of these studies have been summarized in Table 4.  
In this table, each metal salt was ranked from most to least toxic, in terms of the IC50 
values for each cell line and bioassay.  Since the number of metal ions tested in each 
evaluation was different, these ranks were then divided by the total number of metal ions 
evaluated within each study to produce a normalized rank.  These normalized ranks were 
then averaged to produce a mean normalized rank for each metal ion.  In other words, the 
normalized ranks range from 0.0 to 1.0, with increasing values denoting decreasing 
cytotoxicity.  In most cases, the authors evaluated cytotoxicity on multiple cell lines and / 
or with multiple bioassays.  For comparison purposes, the ranks from each of these cell 
lines / assays within each study were included in the rank calculations.  It is important to 
note that metal ion salt solutions have been shown to be consistently slightly more 
cytotoxic than extracts of metal ions from an electrolyte [137].  Thus, these types of in 
vitro cytotoxicity studies are slightly conservative.  Nevertheless, numerous studies have 
also demonstrated that significant biological alterations can occur in vivo at non-
cytotoxic concentrations [126, 138-142]. 
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3. MATERIALS AND METHODS 
3.1. Electrochemical Characterization of BMGs 
Zr-based alloy ingots with a nominal composition of Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 
(at.%) [143], commonly known as Vitreloy 105 (Vit 105), were prepared from a mixture 
of these elements with elemental purities ranging from 99.5% to 99.99%.  Each ingot was 
prepared by arc-melting the charge materials at Oak Ridge National Laboratory on a 
water-cooled, copper hearth under a Zr-gettered, Ar atmosphere.  Each alloy button was 
melted and flipped multiple times to promote homogeneity.  The alloy button was then 
drop cast into a water-cooled, copper mold to produce a cylindrical BMG ingot with a 
length of 76 mm and a diameter of 6.4 mm.  Corrosion samples (∅6.4 x 5 mm) were 
extracted from the ingots by electrical-discharge machining (EDM) so that the transverse 
cross-sections of the ingots were exposed to the electrolyte in the corrosion tests. 
In addition, a Ti-based BMG alloy plate with a nominal composition of 
Ti43.3Zr21.7Ni7.5Be27.5 (at.%), commonly known as LM-010, and a Zr-based 
Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%) BMG were fabricated and donated by Liquidmetal 
Technologies (Lake Forest, CA). The latter composition is commonly known as the 
Vitreloy 1, or Liquidmetal-001 (LM-001), BMG.  Corrosion samples with approximate 
dimensions of 10 x 10 x 2 mm were extracted from the plates so that the large surfaces of 
the plates were exposed to the electrolyte in the corrosion tests.  Ca-based BMGs were 
also fabricated and donated by the Air Force Research labs with the following nominal 
compositions: Ca65Mg15Zn20, Ca55Mg18Zn11Cu16, and Ca50Mg20Cu30 (at.%). 
Finally, various corrosion-resistant, crystalline materials were selected for 
electrochemical characterization under identical conditions to provide for direct 
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comparisons with the BMG alloys.  These materials included (a) Ti90Al6V4 (wt.%) 
[Ti86.2Al10.2V3.6 (at.%), ASTM F136], denoted as Ti-6Al-4V; (b) Co63Cr28Mo6 (wt.%) 
[Co61.4Cr30.9Mo3.6 (at.%), ASTM F799], denoted as CoCrMo; (c) AISI 316L stainless 
steel [Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], denoted as 316L SS; (d) a Zr-based alloy 
[Zr98.3Sn1.1Fe0.2 (at.%)] similar to Zircaloy; and (e) Mg-based ZK60 alloy 
[Mg97.6Zn2.2Zr0.2 (at.%)]. 
Prior to electrochemical testing, x-ray diffraction (XRD) was performed to verify 
the amorphous structure of all of the BMG samples (Philips X’pert X-Ray 
Diffractometer), within the resolution limits of XRD.  Electrochemical cyclic-anodic-
polarization tests were conducted using an EG&G Princeton Applied Research 263A 
potentiostat with EG&G Powercorr software (Princeton Applied Research, Oak Ridge, 
TN).  The electrochemical cell consisted of the corrosion sample, a saturated calomel 
reference electrode, and a platinum counter electrode.  Thus, all potentials cited in this 
study will henceforth be in reference to the saturated calomel electrode (SCE).  Finally, a 
Luggin capillary was used to bridge between the SCE and the corrosion sample to 
minimize the effect of the solution resistance. 
Electrochemical characterization was performed in three different electrolytes.  
First, a naturally aerated 0.6 M (3.5 wt.%) NaCl electrolyte at room temperature (~ 22ºC) 
was selected because this is an electrolyte commonly found in the literature, which 
provides for direct comparisons with many other materials.  The mean pH (± 95% 
confidence intervals) of the electrolyte in these tests was 6.97 ± 0.02.  When necessary, 
the pH of the electrolyte was increased to 7.00 by the addition of NaOH.  Second, 
characterization was performed in a phosphate-buffered saline (PBS) electrolyte at 37°C.  
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The composition of the electrolyte is presented in Table 5.  This electrolyte is intended to 
simulate surgical implant conditions similar to those found in vivo.  The mean pH (± 95% 
confidence intervals) of the PBS electrolyte was 7.44 ± 0.02, which is near that found in 
the human body (7.0 - 7.4) [22].  The dissolved-oxygen content of this electrolyte was 
reduced to a physiologically-relevant value of 3.3 x 10-2 mol/m3 by aerating the 
electrolyte with a 4% O2/N2 gas mixture for one hour prior to testing at a flow rate of 50 
mL/min, according to the procedure developed by Hiromoto et al. [79].  Aeration was 
continued at this rate throughout the corrosion tests to maintain the reduced oxygen 
content.  In addition, a series of tests were also conducted in the 0.6 M NaCl electrolyte at 
37°C and in the PBS electrolyte at 22°C.  These tests allowed the influence of electrolyte 
temperature and chloride ion content on the electrochemical behavior to be defined.  
Finally, the Ca-based BMGs and ZK60 alloy were tested in a naturally aerated, 0.05 M 
solution of sodium sulfate (Na2SO4) in distilled, de-ionized water at room temperature (~ 
22ºC). 
Immediately prior to electrochemical testing, each sample was ground to a 600 
grit SiC surface finish (arithmetic average roughness = Ra ≈ 0.163 µm).  A polymer 
sample holder was used to repeatedly expose 30 mm2 of each sample to the electrolyte 
during testing.  Before each polarization scan was initiated, the corrosion sample was 
allowed to stabilize in the electrolyte until the open-circuit potential (Eoc) changed by no 
more than 2 mV over a five-minute time period.  The Eoc at which this occurred was 
determined to be the open-circuit corrosion potential (Ecorr).  The scan was started at 20 
mV below Ecorr and continued in the positive direction at a scan rate of 0.17 mV/s until a 
corrosion current density (i) of 104 mA/m2 was reached.  At this point, the scan direction 
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was reversed and the potential was decreased at the same rate until a potential 50 mV 
below Ecorr was reached. 
Following electrochemical testing, multiple corrosion-related parameters were 
derived from the cyclic-anodic-polarization curves as previously delineated in the 
literature [21].  The controlled specimen potential can be regarded as the “driving force” 
for corrosion, and the anodic current density is directly related to the specimen corrosion 
rate.  The potential at which the current density suddenly increased, signifying pit 
initiation, was determined to be the breakdown or pitting potential (Epit), as demonstrated 
in Figure 13.  Depending upon the shape of the polarization curve (Figure 13), the 
protection potential (Epp) was considered to be either:  (a) the potential at which the 
down-scan crossed the up-scan portion of the curve in the passive region, labeled as 
Epp(A), or (b) the potential at which the cyclic-polarization curve demonstrated a 
horizontal, plateau region on the potential down-scan, followed by a pronounced down-
turn into a new anodic curve, labeled as Epp(B).  The former criterion is the traditional 
method used to define Epp and was sufficient on a majority of the tests.  However, several 
of the tests did not exhibit this type of behavior and a secondary criterion was necessary.  
In these tests, the down-scan never crossed the up-scan, or crossed at an artificially low 
potential (Figure 13), because the anodic curve and open-circuit corrosion current density 
(icorr) shifted to higher potentials and current densities, respectively, on the down-scan 
(after pitting).  Just as the sudden increase in the current density during the up-scan 
typically signifies localized corrosion due to a breakdown in the passive film, a sudden 
decrease in the current density during the down-scan should typically signify 
repassivation of the pits.  Despite the difference in the appearance between the two types 
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of cyclic-anodic-polarization curves, these criteria proved to be approximately equivalent 
because all of the tests demonstrated consistent values for this plateau region with little 
variance, independent of whether the down-scan actually crossed the up-scan or not. 
In terms of the overall resistance to localized (pitting) corrosion, two parameters 
are important:  (a) the pitting overpotential (ηpit), or (Epit – Ecorr), and (b) the protection 
overpotential (ηpp), or (Epp – Ecorr).   Higher, positive values of these quantities are 
desirable [144].  A high ηpit signifies an increased resistance to pitting, and a high ηpp 
signifies a high probability of repassivation if damage to the passive film should occur 
(e.g., scratches, mechanical damage due to stress, etc.).  
The corrosion penetration rate (CPR) is an estimate of the uniform corrosion rate 
of a material at Ecorr and can also be derived from cyclic-anodic-polarization tests.  The 
CPR is dependent upon inherent material and electrolyte properties and can be 
determined from the open-circuit corrosion current density (icorr) by the application of 
Faraday’s Law [70].  In this study, icorr and the polarization resistance (Rp) were 
calculated by the Stern-Geary, or polarization-resistance, method [145].  However, icorr is 
the sum of three components: 
icorr = ifar + icap + ig                        (5) 
where ifar, the faradaic current density, is the actual current density associated with the 
flux of metal cations released into the electrolyte (i.e., the true parameter of interest); icap, 
the capacitive current density, is due to the capacitance of the metal / oxide / electrolyte 
interfaces; and ig is the component of the current density associated with the growth of 
the oxide film [125, 146].  It can reasonably be assumed that the passive film was 
relatively stable at Ecorr, and that ig was small because of the aforementioned criterion for 
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allowing the sample to come to a steady-state in the electrolyte prior to cyclic-anodic 
polarization [146].  Furthermore, icap is proportional to the potential scan rate [147], 
which was a low 0.17 mV/s in this study; therefore, this variable is assumed to be small.  
Nevertheless, Equation 5 demonstrates that the use of icorr, instead of ifar, in the 
calculation of the CPR results in a conservative estimate of the corrosion rate.  Finally, it 
is important to note that all of these values derived from electrochemical characterization 
can be dependent upon the potential scan rate and other test variables. 
The icorr and, similarly, the CPR values are particularly important because they are 
related to the biocompatibility and cytotoxicity of a biomaterial.  Sziraki et al. [148] and 
Chen et al. [149] have demonstrated that ion concentrations in solution were consistent 
with corrosion rates calculated by linear polarization and electrochemical impedance 
spectroscopy (EIS).  Bumgardner et al. reported that low corrosion rates were well 
correlated with low amounts of corrosion products released in cell-culture experiments 
[150].  Several other studies have noted this trend [151-153].  Moreover, Wataha et al. 
determined that, in general, materials that introduce more ions into solution exhibit 
greater cytotoxicity [153].  However, cytotoxicity is also dependent upon other 
complicating factors, such as the preferential corrosion of particular elements or phases, 
the potency of each alloy element, the time of exposure, the concentrations of each 
element in the material, and the probability of synergistic or antagonistic effects of 
combinations of elements, among others [128, 153]. 
All statistical analyses were conducted with JMP 5.1.1 software (SAS Institute 
Inc., Cary, NC).  Initially, the data for each of the derived corrosion parameters was 
evaluated to determine if the parametric assumptions of residual normality and equality 
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of variances were met.  These assumptions were verified through the Shapiro-Wilk [154] 
and Levene’s tests [155], respectively.  When these parametric assumptions were met, 
analysis of variance (ANOVA) and Tukey’s post-hoc tests were utilized at a 0.05 level of 
significance (α) to determine which pairs of materials were statistically different.  When 
necessary, the Box-Cox transformation was used to improve the compliance with the 
parametric assumptions among the test results within materials [156].  However, for some 
of the derived corrosion parameters, the parametric assumption of equal variance within a 
given material was not met even after using the Box-Cox transformation.  In this case, the 
Welch ANOVA test [157], which does not assume equality of variances, was used, 
followed by Tukey’s post-hoc tests.  Furthermore, there were multiple cases where 
neither of the parametric assumptions was met even after the Box-Cox transformation.  
When the transformed data did not conform to either of these assumptions, the 
nonparametric Kruskal-Wallis test [158], followed by pairwise comparisons, was used for 
the untransformed data to determine which pairs of materials were statistically different 
(α = 0.05). 
Ninety-five percent confidence intervals (95% CIs) were calculated for all of the 
means presented in this study based on the Student’s t-distribution.  Finally, box-and-
whisker plots were constructed with Origin 7.5 software (OriginLab Corporation, 
Northampton, MA), which uses Tukey’s hinges[159] in place of quartiles.  For each 
material, the partitioned data is plotted on the left, and the box-and-whisker plot is plotted 
on the right.  The whiskers represent the lower- and upper-inner fences.  Data points that 
lie outside of these fences are considered outliers and are denoted by asterisks. 
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3.2. Corrosion-Fatigue Behavior of the Vitreloy 105 BMG 
Vit 105 BMG ingots were fabricated as previously delineated.  Radiographs were 
made of the ingots to identify the location of any porosity and to minimize the amount of 
porosity in the testing sections of the bend specimens.  Two rectangular bend specimens 
were machined from each ingot with nominal cross-sections of 3.5 x 3.5 mm and lengths 
of 30 mm.  Each side of these samples was polished to a 1200 SiC grit surface finish (Ra 
≈ 0.163 µm) parallel to the longitudinal axis of the specimens using a polishing fixture 
(South Bay Technologies, San Clemente, CA) to keep the sides parallel and 
perpendicular. 
Cyclic, constant-amplitude, four-point bend testing was conducted at room 
temperature (~22°C) in air.  Sinusoidal, force-controlled tests were performed on a 
Material Test System 810 (MTS Systems Corporation, Eden Prairie, MN) hydraulic load 
frame at frequencies of 10 Hz with R = 0.1, where R is the ratio of minimum stress to 
maximum stress.  The four-point bend fixture was designed with inner and outer spans of 
5 mm and 20 mm, respectively.  This geometry was selected based upon the research of 
Zhai et al. [160].  In their study, finite-element modeling (FEM) of various four-point 
bend geometries revealed that the assumption of constant stress between the inner span is 
only accurate for a particular range of fixture and sample geometries.  Alumina pins with 
diameters of 4.78 mm were selected to electrically isolate the sample from the other 
components for the corrosion-fatigue studies.  For consistency, these pins were also used 
in the tests conducted in air. 
The corrosion-fatigue studies were also conducted in the naturally aerated, 0.6 M 
NaCl electrolyte that was used in the aforementioned electrochemical studies.  After 
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polishing these samples, pure Ti wires were spot-welded to the ends (outside of the outer 
load span) of the corrosion-fatigue samples to facilitate electrical contact.  Glyptal 1201 
insulating enamel (Glyptal, Inc., Chelsea, MA) was applied to the spot-welded portions 
of the bend samples and the to Ti wires to insulate these areas from the electrolyte. 
Similar to the procedure for corrosion testing, the samples were placed in the 
corrosion-fatigue chamber to allow them to come to a steady-state in the electrolyte prior 
to initiating the cyclic loading.  Cyclic loading was started after the open-circuit potential 
changed by less than 2 mV in a five-minute time period.  During a majority of the 
corrosion-fatigue tests at various stress ranges, the open-circuit potential was recorded as 
a function of time.  This was achieved with an EG&G Princeton Applied Research 263A 
potentiostat with EG&G Powercorr software (Princeton Applied Research, Oak Ridge, 
TN).  The electrochemical cell consisted of the bend sample (working electrode), a 
saturated calomel reference electrode, and two platinum counter electrodes, one on each 
side of the bend samples.  A Luggin capillary was used to bridge between the SCE and 
the bend sample to minimize the effect of the solution resistance. 
Three cyclic-anodic-polarization tests were conducted during cyclic loading at 
stress ranges of 900 MPa to determine the effect of cyclic stresses on the electrochemical 
behavior of the Vit 105 BMG alloy.  These corrosion-fatigue polarization scans were 
conducted at potential scan rates of 0.5 mV/s instead of the 0.17 mV/s rates that were 
used during the static electrochemical studies, due to the limited test time available prior 
to fatigue failure and the transient nature of Ecorr during cyclic loading.  The effect of this 
increased potential scan rate is well known and typically leads to features on the 
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polarization curve being skewed toward more noble potentials [70].  However, the 
increased scan rate used in this study is still relatively low. 
Once the polarization curve was defined, additional tests were performed at the 
same stress range with imposed cathodic [E = -900 mV (SCE)] and anodic potentials [E = 
-100 mV (SCE)] to define the corrosion-fatigue degradation mechanism.  In both cases, 
the corrosion current was recorded as a function of time. Finally, all of the samples tested 
in both environments were examined by SEM after testing. 
 
3.3. Tensile Testing of the Vitreloy 105 BMG 
Again, Vit 105 BMG ingots were fabricated as previously delineated.  Each Vit 
105 ingot was cut by electrical discharge machining (EDM) into four rectangular tensile 
samples with gage lengths of 9.5 mm, gage widths of 2 mm, and gage thicknesses of 0.5 
mm.  Ten tensile specimens were tested according to the American Society for Testing 
and Materials (ASTM) standard E8 [161].  The front and back surfaces of each specimen 
were polished to a 1200 SiC grit (Ra ≈ 0.163 µm) finish parallel to the loading direction.  
In the first round of testing, only the front and back faces of the samples were polished.  
The edges of each specimen were not polished and were tested with the as-cut EDM 
surface.  These specimens will be referred to as “unpolished edge” specimens for the 
remainder of the paper.  Subsequent rounds of testing were conducted on samples that 
had all surfaces, including edges, polished to the same 1200 SiC grit surface finish.  
These specimens will be referred to as “polished edge” specimens for the remainder of 
the paper. 
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Prior to mechanical testing, XRD was performed to verify that each tensile 
specimen was amorphous, within the resolution limits of XRD.  The tensile tests were 
performed in air on a Material Test System 810 (MTS Systems Corporation, Eden 
Prairie, MN) hydraulic load frame in a load-control mode with loading rates of 147 N/s 
and 45 N/s.  These loading rates corresponded to approximate strain rates of 1 x 10-2 s-1 
and 1 x 10-3 s-1, respectively.  The displacements and strain rates were estimated through 
the servo-hydraulic ram-displacement transducer.  Prior to testing, the load frame was 
aligned to within 15 µm / m to minimize misalignment and bending moments within the 
samples. 
In situ thermography was performed using an Indigo Phoenix infrared (IR) 
camera (Indigo Systems Corporation, Goleta, CA) with a 320 × 256 pixel focal plane 
array InSb detector, which has a spectral range of 1.5 – 5.0 µm.  The temperature 
sensitivity is 0.015°C at 23°C.  During mechanical testing, IR images were acquired at 
rates of 725 Hz.  These settings correspond to an image resolution of approximately 5200 
µm2 / pixel.  A thin, sub-micron graphite coating was applied to the specimen gage 
section to reduce IR reflections.  A temperature calibration was performed before testing 
by acquiring IR images at various sample temperatures, as measured by a thermocouple, 
and performing regression analysis to yield a temperature-calibration curve.  After tensile 
testing, the samples were examined by optical and scanning electron microscopy (SEM).  
Images recorded by the IR camera were analyzed in detail to estimate the properties, 
kinetics, and temperatures associated with shear banding and fracture in the BMG.  All 
statistical analyses were conducted with JMP 5.1.1 software (SAS Institute Inc., Cary, 
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NC).  All confidence intervals (CIs) were calculated by the Student’s t-distribution at a 
0.05 level of significance (α). 
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4. RESULTS AND DISCUSSION 
4.1. Electrochemical Behavior of Ca-based Bulk Metallic Glasses 
 X-ray diffraction patterns of the Ca65Mg15Zn20, Ca50Mg20Cu30, and 
Ca55Mg18Zn11Cu16 alloys are presented in Figure 14.  Each pattern shows a broad 
diffraction peak (halo) indicating that the samples are fully amorphous, within the 
resolution limits.  The position and width of the halo depend on the alloy composition, so 
that the maximums are observed at 2θ = 30.3°, 31.5°, and 32.6°, and the full-widths-at-
half-maximum (FWHM) of the halos are estimated to be 4.9°, 6.4°, and 8.2° for the Ca-
Mg-Zn, Ca-Mg-Zn-Cu, and Ca-Mg-Cu alloys, respectively.  The shift of the halo peak 
indicates that the average radius of the first coordination shell decreases from ~ 0.296 nm 
for Ca-Mg-Zn to ~ 0.275 nm for Ca-Mg-Cu, while an increase in the halo width reflects 
wider distribution of distances between the nearest atoms with an increase in the amount 
of Cu [162].  Such behavior can be explained by the smaller size of Cu atoms relative to 
Zn and Mg atoms. 
 DSC thermograms obtained from the cast plates during continuous heating at a 
rate of 20 K/min are shown in Figure 15.  An endothermic reaction, corresponding to the 
transition from a glassy state into a super-cooled liquid state, and the following 
exothermic reactions corresponding to crystallization are clearly seen.  These parameters 
are labeled as the glass transition, Tg, and crystallization, Tx, temperatures, respectively.  
At higher temperatures, an endothermic reaction is detected due to melting.  The 
characteristic temperatures, as well as heats of crystallization and fusion, are given in 
Table 1.  The Ca-Mg-Zn alloy had the lowest glass transition (Tg = 364 K) and 
crystallization (Tx = 400 K) temperatures, and the Ca-Mg-Cu alloy was found to have the 
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highest glass transition (Tg = 399 K) and crystallization (Tx = 433 K) temperatures, while 
the Ca-Mg-Zn-Cu alloy exhibited the intermediate values.  One may therefore conclude 
that the stability of the glassy state increases with a decrease in the amount of Zn and an 
increase in the amount of Cu in the alloys. On the other hand, the quaternary 
Ca55Mg18Zn11Cu16 alloy has the maximum value of the reduced glass transition 
temperature, Trg, which may indicate that this alloy has the best glass forming ability 
among the three alloys studied [163]. 
  Four electrochemical cyclic-anodic-polarization tests were conducted for each Ca-
based BMG and the ZK60 alloy at room temperature in a naturally aerated, 0.05 M 
solution of sodium sulfate (Na2SO4) in distilled, de-ionized water.  Sodium sulfate was 
added to improve the electrical conductivity of the electrolyte without affecting the 
electrochemical behavior of the material.  The mean pH (± standard deviation) of the 
electrolyte for all tests was 6.96 ± 0.06.  When necessary, the pH was adjusted to 7.00 ± 
0.10 by the addition of NaOH prior to testing. 
 The average cyclic-anodic-polarization curves for each of the Ca-based BMG 
alloys and the ZK60 alloy are plotted in Figure 16.  The average curve for the 
Ca65Mg15Zn20 (at.%) demonstrates that this material was within the active region at Ecorr 
with high open-circuit corrosion current densities.  The mean (± 95% CIs) and median 
CPRs for this material were 5691 ± 1046 and 5849 µm/year, respectively (Figure 17).  
Furthermore, the Ca55Mg18Zn11Cu16 (at.%) alloy exhibited slight passivity at Ecorr with 
high open-circuit corrosion current densities and mean (± 95% CIs) and median CPRs of 
311 ± 184 and 299 µm/year, respectively (Figure 17).  The Ca50Mg20Cu30 (at.%) alloy 
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was passive at Ecorr with high open-circuit corrosion current densities.  The mean (± 95% 
CIs) and median CPRs for this material were 1503 ± 435 and 1515 µm/year, respectively 
(Figure 17).  Finally, the ZK60 Mg-based alloy was also active at Ecorr with high open-
circuit corrosion current densities.  The mean (± 95% CIs) and median CPRs for this 
material were 425 ± 321 and 454 µm/year, respectively (Figure 17). 
 The CPR for the Ca65Mg15Zn20 BMG alloy was found to be greater than those of 
the Ca55Mg18Zn11Cu16 BMG and ZK60 alloys by a statistically significant difference.  In 
both cases, the differences were greater than an order of magnitude.  In fact, subsequent 
post-test analysis in the SEM revealed that active pitting occurred in this material at Ecorr.  
Since CPR is an approximation that is only valid for uniform corrosion, it is likely that 
this CPR is a severe underestimate of the actual material being lost in this alloy. 
 On the other hand, the CPRs for the Ca50Mg20Cu30, Ca55Mg18Zn11Cu16, and ZK60 
alloys were considered to be equivalent, at the tested levels.  As might be expected, all of 
these materials exhibited high chemical reactivity with highly negative Ecorr values 
(Figure 18).  However, upon immersion of the samples in the electrolyte, the open-circuit 
potentials gradually became more noble until Ecorr was attained. 
 Both the Ca55Mg18Zn11Cu16 and Ca65Mg15Zn20 alloys were found to be susceptible 
to localized corrosion in the form of pitting.  The Ca55Mg18Zn11Cu16 alloy exhibited a 
brief passive region before Epit with mean (± 95% CIs) and median ηpit values (Figure 19) 
of 128 ± 41 and 120 mV, respectively.  Once pitting initiated on the surface of this alloy, 
repassivation did not occur until the potential was decreased well below Ecorr.  As a result, 
the mean (± 95% CIs) and median ηpp values were calculated to be -457 ± 329 and -440 
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mV, respectively (Figure 19).  Thus, it can be assumed that localized corrosion would 
occur in this alloy, immersed in this electrolyte, after an incubation period or damage to 
the passive film.  On the other hand, the Ca65Mg15Zn20 BMG exhibited active localized 
corrosion at Ecorr; therefore, ηpit and ηpp values could not be determined for this material.  
Neither the Ca50Mg20Cu30 BMG nor the ZK60 alloy experienced localized corrosion.  All 
of the derived corrosion parameters, with 95% CIs, are presented in Table 6. 
 Post-test SEM analyses revealed that all of the Ca-based BMG alloys 
demonstrated cracked surface layers within the region exposed to the electrolyte (Figure 
20).  Pitting in the Ca65Mg15Zn20 alloy, in particular, appeared to initiate at small particles 
within the amorphous matrix [Figure 20(a)].  This pit morphology is similar to those 
observed in other BMGs [164, 165].  Furthermore, the Ca55Mg18Zn11Cu16 material 
appeared to have small holes or pockmarks within the pits [Figure 20(b)].  It is suggested 
that these features also could be due to small particles within the amorphous matrix.  This 
theory seems to be supported by the current fluctuations in all of the polarization curves 
for this material.  Instabilities in the polarization curve at elevated potentials are 
commonly associated with the initiation and propagation of pits at small inclusions, 
followed by repassivation after the particle is dissolved.  Finally, the ZK60 alloy (Figure 
21) did not exhibit any evidence of localized corrosion upon SEM analysis.  
    For comparison with other amorphous materials, several of the derived corrosion 
parameters from this study are presented with data from the literature in Table 7.  Peter et 
al. studied the electrochemical behavior of the Vit 105 BMG alloy 
[Zr52.5Cu17.9Ni14.6Al10Ti5 (at.%)] in the same 0.05 M Na2SO4 electrolyte and reported a 
low CPR of 0.4 µm/year [21].  On the other hand, Szewieczek and Baron conducted 
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electrochemical characterization of an Fe-based BMG in a 0.5 M Na2SO4 electrolyte and 
reported a CPR of 927 µm/year, comparable to the Ca55Mg18Zn11Cu16 and Ca50Mg20Cu30 
alloys [166]. 
  Unfortunately, most of the electrochemical studies from the literature do not 
report icorr or CPR values.  However, it is often possible to estimate these values based 
upon the data that is reported.  Raju et al. conducted cyclic-anodic polarization tests on 
various compositions of the Zr-Cu-Al-Ni, Zr-Cu-Al-Ni-Ti, and Zr-Cu-Al-Ni-Nb BMG 
alloys in a 0.1 M Na2SO4 electrolyte [74].  Based upon the icorr values estimated from 
their polarization curves, it appears that the CPRs are on the order of 1 µm / year or less.  
These alloys did not seem to be susceptible to localized corrosion in that electrolyte.  
Furthermore, Baril and Pebere investigated the electrochemical behavior of pure Mg in 
0.1 M and 0.01 M Na2SO4 electrolytes [167].  The estimated CPRs in both electrolytes 
appear to be on the order of 1000 µm / year.  Based upon all of these comparisons, it 
seems that the Ca55Mg18Zn11Cu16 and Ca50Mg20Cu30 alloys are comparable to some Fe-
based BMGs and Mg-based crystalline alloys.  On the contrary, all three of these Ca-
based BMGs are not as corrosion resistant as the Zr-based BMG alloys. 
 In this study, the electrochemical behavior of three Ca-based BMGs has been 
examined and compared to a crystalline, Mg-based alloy, as well as other amorphous and 
crystalline materials reported in the literature.  Based upon cyclic-anodic-polarization 
tests in a 0.05 M Na2SO4 electrolyte and these comparisons, the following conclusions 
were drawn.  The Ca65Mg15Zn20 alloy was active at the open-circuit potentials with the 
highest mean corrosion penetration rate of 5691 µm/year.  Both the Ca50Mg20Cu30 and 
 46
 
 
Ca55Mg18Zn11Cu16 BMG alloys demonstrated slight passivity at the open-circuit 
potentials with lower mean CPRs of 1503 and 311 µm/year, respectively.  These CPRs 
were found to be statistically equivalent to that of the Mg-based, crystalline alloy (ZK60), 
at the tested levels.  In addition, the Ca65Mg15Zn20 and Ca55Mg18Zn11Cu16 alloys were 
found to be susceptible to localized corrosion in the form of pitting.  While the former 
alloy underwent active pitting at Ecorr, the latter alloy exhibited low, positive ηpit values 
and high, negative ηpp values.  Thus, it can be assumed that localized corrosion would 
occur in this alloy, immersed in this electrolyte, after an incubation period or damage to 
the passive film.  Post-test SEM analysis seemed to indicate that pitting was associated 
with small particles within the amorphous matrix.  Based upon comparisons with studies 
from the literature, it seems that the Ca55Mg18Zn11Cu16 and Ca50Mg20Cu30 alloys are 
comparable to some Fe-based BMGs and Mg-based crystalline alloys, while all three of 
these Ca-based BMGs are not as corrosion resistant as the Zr-based BMG alloys. 
 
4.2. Electrochemical Characterization of Vitreloy 1 in 0.6 M NaCl and PBS 
Electrolytes 
This section is a portion of a manuscript that was published in the journal Intermetallics in 2004 by Mark L. 
Morrison, Raymond A. Buchanan, Atakan Peker, William H. Peter, Joe A. Horton, and Peter K. Liaw: 
Morrison ML, Buchanan RA, Peker A, Peter WH, Horton JA, Liaw PK. Cyclic-anodic polarization studies 
of a Zr-41.2, Ti-13.8, Ni-10, Cu-12.5, Be-22.5 bulk metallic glass, Intermetallics, 2004; 12(10-11):1177-
1181. 
My primary contributions to this paper were all of the experimental work and the writing of the manuscript.  
These excerpts have been reprinted from [24] with permission from Elsevier. 
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A series of five tests each was conducted on the Zr-based Vit 1 BMG in an 
aerated 0.6 M NaCl electrolyte at both room temperature (approximately 22°C) and at 
37°C.  In addition, a series of five tests was performed in a phosphate-buffered saline 
(PBS) electrolyte at 22°C.  Finally, a series of four tests was conducted in the PBS 
electrolyte at 37°C. 
A representative XRD spectrum from the corrosion samples is presented in Figure 
22.  As expected, each spectrum demonstrated a broad, diffuse peak characteristic of 
amorphous alloys.  The average cyclic-anodic-polarization curves for both electrolytes at 
22ºC and 37ºC are shown in Figure 23.  The corrosion parameters derived from the 
polarization tests for both electrolytes are presented in Figure 24.  Furthermore, several of 
the relevant corrosion parameters from this study and other reports in the literature are 
presented in Table 7 for comparison.  However, it should be noted that comparisons 
between these results and others are dependent upon differing surface conditions, 
potential scan rates and other test parameters. 
For the 0.6 M NaCl electrolyte at both temperatures, the alloy demonstrated 
passive behavior at the open-circuit potentials with low corrosion rates.  The values of 
icorr and CPR were determined to be 3.1±2.5 mA/m2 and 2.8±1.5 µm/year, respectively, at 
22°C; and 1.2±1.3 mA/m2 and 1.3±1.3 µm/year, respectively, at 37°C.  These values are 
relatively low and within the expected range for passive behavior.  For comparison, 
Chieh et al. conducted polarization tests on the Zr52.5Cu17.9Ni14.6Al10Ti5 (at.%) (Vitreloy 
105) BMG and 304 stainless steel (304 SS) in a 0.6 M NaCl electrolyte at room 
temperature [168].  They reported corrosion penetration rates for the BMG and 304 SS of 
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1.47 µm/year and 1.17 µm/year, respectively.  Moreover, Peter et al. found a CPR of 
1.3±0.7 µm/year for the Vitreloy 105 BMG in a 0.6 M NaCl electrolyte at room 
temperature [21]. 
The Vit 1 BMG showed susceptibility to pitting corrosion at elevated potentials in 
the 0.6 M NaCl electrolyte at both temperatures.  The mean ηpit values were 98±53 mV 
and 142±56 mV at 22°C and 37°C, respectively.  These values are lower than those 
reported for the Vitreloy 105 BMG by Peter et al. [21] in a 0.6 M NaCl electrolyte 
(approximately 300 mV) and He et al. [73] in a 0.5 M NaCl electrolyte (225 mV).  
Schroeder et al. reported a difference of 207 mV for the Vit 1 alloy in a 0.5 M NaCl 
electrolyte [71].  Finally, Chieh et al. found ηpit values of 360 mV and 490 mV for 
Vitreloy 105 BMG and 304 SS, respectively, in a 0.6 M NaCl electrolyte [168].  All of 
these comparative studies were conducted at room temperature. 
The mean ηpp values were determined to be 28±33 mV and 68±55 mV at 
temperatures of 22°C and 37°C, respectively.  These relatively low differences between 
the protection potentials and the open-circuit corrosion potentials indicate that localized 
corrosion due to surface damage or after incubation times could be a concern if the local 
or bulk environment became more aggressive.  This parameter calculated from the 22°C 
tests is comparable to the difference of approximately 20 mV between Epp and Ecorr 
reported by Peter et al. for the Vitreloy 105 alloy [21].  Comparisons between other 
reports in the literature are not possible because most of those studies did not reverse the 
potential scan direction to evaluate repassivation kinetics. 
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For the PBS electrolyte, the alloy demonstrated passive behavior at the open-
circuit potential with low corrosion rates at both of the temperatures evaluated in this 
study.  In fact, the mean corrosion rates were lower than those found in the 0.6 M NaCl 
electrolyte.  The mean values of icorr and CPR were determined to be 0.7±0.5 mA/m2 and 
0.8±0.6 µm/year, respectively, at 22°C; and 0.9±0.4 mA/m2 and 1.0±0.5 µm/year, 
respectively, at 37°C.  Again, the alloy exhibited a susceptibility to pitting corrosion at 
elevated potentials in both electrolytes at both temperatures.  The mean ηpit values were 
calculated to be 478±268 mV at 22°C and 410±154 mV at 37°C.  These differences were 
less than the differences reported by Hiromoto et al. for a Zr65Al7.5Ni10Cu17.5 BMG 
(approximately 1025 mV) [22] and a Zr65Al7.5Cu27.5 BMG (approximately 880 mV) [79] 
tested under the same conditions.  The mean ηpp values were 215±53 mV at 22°C and 
184±70 mV at 37°C.  These large differences indicate that localized corrosion due to 
surface damage or after incubation times is not as great of a concern in this electrolyte, as 
compared to the 0.6 M NaCl electrolyte. 
For the 0.6 M NaCl electrolyte, the increase in temperature resulted in a 
statistically significant decrease in the CPR.  However, in the PBS electrolyte, the CPR 
increased by a statistically significant amount with an increase in temperature.  Besides 
CPR, the only significant changes in corrosion parameters observed upon an increase in 
test temperature were a slight decrease in Epp in both electrolytes and a slight decrease in 
Ecorr and Epit in the NaCl electrolyte.  Finally, at both temperatures, statistical analyses 
revealed that the Vit 1 BMG exhibited comparable or improved values for every 
parameter in the PBS electrolyte as compared to the NaCl electrolyte.  This increased 
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resistance to corrosion in the PBS electrolyte is consistent with other studies that have 
demonstrated that pitting resistance increases with decreasing chloride ion (Cl–) 
concentration [22]. 
Although thorough post-test, microstructural analysis has not yet been performed, 
it is believed that the variability in the corrosion parameters is due to inhomogeneities in 
the materials.  These inhomogeneities within the material could result in localized 
imperfections in the passive film and lead to the localized corrosion observed in this 
study.  However, it is currently not clearly understood if these inhomogeneities are due to 
local chemical ordering of the alloy or contaminant features in the material such as 
oxide/amorphous-matrix interfaces.  Furthermore, the variability encountered in this 
study is not readily comparable to other studies in the literature because most of these 
studies do not report variability or discuss statistical analyses of the data. 
Based upon the results of this investigation, the following conclusions were 
drawn.  In an aerated 0.6 M NaCl electrolyte at both 22°C and 37°C, the 
Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%) (Vit 1) BMG exhibits passive behavior at the natural 
corrosion potentials and low mean corrosion penetration rates of 2.5 µm/year and 1.3 
µm/year, respectively.  Furthermore, this BMG exhibits passive behavior at the natural 
corrosion potentials and low mean corrosion penetration rates of 0.7 µm/year and 1.0 
µm/year, respectively, in a deaerated phosphate-buffered saline (PBS) electrolyte with a 
physiologically-relevant oxygen content at both 22°C and 37˚C.  Susceptibilities to 
pitting corrosion were seen in both electrolytes at both temperatures, with lower 
susceptibilities being observed for the PBS electrolyte.  The Vit 1 alloy appears to be 
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more susceptible to pitting corrosion in both electrolytes than other alloys reported in the 
literature.  For both electrolytes, the change in temperature did not result in a statistically 
significant change in the corrosion penetration rate and only caused small changes in 
several other parameters.  At both temperatures, statistical analyses revealed that this 
BMG exhibited comparable or improved values for every corrosion parameter in the PBS 
electrolyte as compared to the NaCl electrolyte.  Although pitting corrosion might be a 
concern for this alloy depending upon the local and bulk environments, the protection 
potential was found to be greater than the open-circuit potential in all of the tested 
conditions.  Thus, the probability of pitting corrosion occurring due to surface 
irregularities or passive film damage is decreased. 
 
4.3. Electrochemical Characterization of a Ti-based BMG in a PBS Electrolyte 
Electrochemical characterization of the LM-010 BMG alloy was performed in a 
phosphate-buffered saline (PBS) electrolyte at 37°C, in which one test was conducted per 
sample for a total of 20 corrosion tests.  A representative XRD spectrum from the LM-
010 corrosion samples is shown in Figure 25.  Each spectrum demonstrated a broad, 
diffuse peak characteristic of amorphous alloys.  The average cyclic-anodic-polarization 
curve is plotted in Figure 26.  This average curve demonstrates that the material was 
passive at Ecorr and exhibited a low icorr in the passive region.  The mean (± 95% CIs) and 
median CPRs were calculated to be 2.9 ± 2.6 and 0.8 µm/year, respectively (Figure 27).  
These values are relatively low and within the expected range for passive behavior.  
However, the mean CPR was unexpectedly elevated due to one data point that was 
determined to be an outlier.  In this case, the median, which is more resistant to outlier 
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effects, is a better measure of the CPR.  With this outlier removed, the mean (± 95% CIs) 
and median CPRs were calculated to be 1.8 ± 1.2 and 0.8 µm/year, respectively.  For a 
comparison to other corrosion-resistant materials in the same, or similar, electrolytes, 
these corrosion parameters and those reported in the literature are summarized in Table 7.  
Since the corrosion resistance of Ti-based BMGs has not been previously evaluated, this 
material was compared to Zr-based BMGs and other corrosion-resistant, crystalline 
materials.  Furthermore, the original corrosion data was available for the Vit 1 BMG [24], 
Vit 105 BMG, 316L stainless steel (316L SS), CoCrMo, and Ti-6Al-4V materials tested 
in the same environment [169].  Therefore, a direct statistical comparison with this data 
was possible.  These mean CPRs are also plotted with 95% CIs in Figure 27 for 
comparison.  The differences between CPRs for all of these materials were found to be 
statistically insignificant at the tested levels.  In addition, the Ecorr values are presented in 
Figure 28 for comparison. 
The LM-010 alloy exhibited a susceptibility to localized corrosion at elevated 
potentials with mean (± 95% CIs) and median Epit values of 217 ± 17 and 206 mV (SCE), 
respectively (Figure 29).  Based upon these values, the mean (± 95% CIs) and median ηpit 
values were calculated to be 589 ± 57 and 550 mV, respectively (Figure 30).  
Furthermore, the mean (± 95% CIs) and median Epp values were determined to be 38 ± 
32 and 70 mV (SCE), respectively (Figure 31).  Therefore, the mean (± 95% CIs) and 
median ηpp values were 411 ± 70 and 366 mV, respectively (Figure 32).  It should be 
noted that both ηpit and ηpp are relatively high, positive values; therefore, localized 
corrosion is not a concern at the open-circuit potential with this alloy in this environment.  
 53
 
 
Comparing these values once again to those reported in the literature for which direct 
statistical comparisons were possible (Table 7), the mean LM-010 ηpit value was 
significantly different from the mean ηpit  reported for the Vit 105 BMG (p = 0.0306) 
[169].  This statistically significant difference represents a 24.3% increase in the mean 
ηpit value as compared to the Vit 105 BMG.  All other differences between ηpit values 
were found to be statistically insignificant at the levels tested.  The mean LM-010 ηpp 
value was also found to be significantly different from the mean values reported for the 
Vit 1 [24], 316L SS and Vit 105 alloys (p < 0.0001) [169].  These differences represent 
statistically significant increases of 123.4%, 179.6%, and 82.7% in the mean ηpp values, 
as compared to the Vit 1, 316L SS, and Vit 105 BMG, respectively.  Both the CoCrMo 
and Ti6Al-4V materials were reportedly not susceptible to localized corrosion in the 
tested environment; therefore, ηpit and ηpp values could not be determined for these 
materials [169]. 
In addition, approximate comparisons can be made between these derived 
corrosion parameters and those reported in the literature for the same, or similar, 
electrolytes (Table 7).  In a majority of the cases, the parameters from other reports in the 
literature were estimated based upon analyses of the polarization curves.  Again, it should 
be noted that comparisons between these results and those conducted in other laboratories 
should be made with the knowledge that they are dependent upon differing test 
parameters.  Nevertheless, it appears that the CPR for the LM-010 BMG alloy is 
comparable to these other materials, keeping in mind that the mean CPR was artificially 
elevated due to an outlier.  In terms of the localized corrosion resistance, the LM-010 
 54
 
 
BMG was equivalent, or superior, to all of the BMGs.  All of the studies by Hiromoto et 
al. in this same deaerated PBS electrolyte were conducted with melt-spun metallic glasses 
and are, therefore, not directly comparable [22, 77-79, 170].  Moreover, it is difficult to 
make comparisons with the reports by Hiromoto et al. on the corrosion resistance of the 
Zr65Al7.5Ni10Cu17.5 (at.%) in Hanks’ solution, Eagle’s mimimum essential medium 
(MEM), and MEM with fetal bovine serum (MEM + FBS).  The Hanks’ solution is the 
closest to PBS as they have the same chloride ion contents.  Also, the MEM electrolyte 
contains amino acids while the MEM + FBS electrolyte contains both amino acids and 
proteins.  In addition, both the MEM and MEM+ FBS electrolytes contain lower chloride 
ion concentrations than the PBS and Hanks’ solution.  The susceptibility to localized 
corrosion of BMGs has been shown to increase with increasing chloride-ion content [78].  
On the other hand, the corrosion rates of various materials have been reported to increase, 
decrease or be unaffected by the presence of amino acids and proteins [144, 171].  
Nevertheless, it would appear that the LM-010 BMG alloy is comparable to the 
Zr65Al7.5Ni10Cu17.5 (at.%) BMG alloy in terms of both the CPR and the resistance to 
localized corrosion. 
All of the corrosion samples were examined by stereomicroscopy after corrosion 
testing.  All of the samples exhibited corrosion in the form of localized pitting.  With the 
exception of one sample, crevice corrosion at the sample / sample holder interface was 
not prevalent.  In general, the samples predominantly exhibited many scattered, small pits 
(diameter < 100 µm) in addition to several larger pits.  The number of pits on each 
sample was estimated and subjectively classified into one of the following categories: 
extra-large (XL), large (L), medium (M), and small (S).  A pitting score was calculated 
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for each sample by assigning values to each pit size (i.e., XL = 4, L = 3, M = 2, and S = 
1) and summing the product of the pitting score and the quantity of pits within each 
category.  The minimum, maximum, median, and mean scores were calculated to be 9, 54, 
42, and 36, respectively.  The pitting scores were not correlated to any other corrosion 
parameters examined in this study (coefficient of determination = r2 > 0.35). 
Furthermore, several corrosion samples with both high and low CPRs were 
selected for SEM analyses.  Representative images of the pit morphology are presented in 
Figure 33.  The pit shown in Figure 33(a) is approximately 90 µm in diameter and is 
typical of the small pits observed on all of the samples.  A magnified image inside this pit 
at location A is shown in Figure 33(b).  Multiple concave facets, such as these, from 1 – 
10 µm in diameter were observed in many of the pits.  BMG alloys are ideally 
homogeneous materials; therefore, localized corrosion and, particularly, faceted surfaces 
inside of pits would not be expected.  Multiple reports from the literature have attributed 
the susceptibility of BMGs to localized corrosion to the presence of crystalline inclusions 
[172-174].  However, no evidence of crystalline inclusions was observed in this study.  
Thus, the cause of these concave faceted surfaces is currently unknown. 
 Based upon the results of this investigation, the following conclusions were made 
about the corrosion resistance of the LM-010 BMG alloy in a PBS electrolyte.  The LM-
010 BMG alloy exhibited passive behavior at the open-circuit potential with a low 
corrosion rate.  The mean CPR (2.9 ± 2.6 µm/year) was low and within the expected 
range for corrosion-resistant materials.  In this study, one CPR value was found to be an 
outlier that resulted in an elevated mean CPR.  The median CPR, which is more resistant 
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to outlier effects, was 0.8 µm/year, with or without the outlier.  This mean CPR value 
was determined to be statistically equivalent to those of other materials reported in the 
literature, at the tested levels, for which direct statistical comparisons were possible.  This 
BMG exhibited a susceptibility to localized corrosion in the form of pitting.  However, 
both the ηpit and ηpp were relatively high, positive values; therefore, localized corrosion is 
not a concern at the open-circuit potential with this alloy in this environment.  The 
resistance of the LM-010 alloy to localized corrosion was statistically equal to, or better 
than, all of the BMG materials for which direct statistical comparisons were possible.  
Furthermore, the localized corrosion resistance was statistically equal to, or better than, 
the 316L SS.  The LM-010 BMG alloy appears to be comparable, or superior, to the other 
BMG alloys from the literature in terms of CPRs and localized corrosion resistance.  
Microscopic examinations revealed that the samples predominantly exhibited many 
scattered, small pits (diameter < 100 µm) in addition to several larger pits. 
 
4.4. Electrochemical Characterization of Vitreloy 105 in a PBS Electrolyte 
This section is a portion of a manuscript that is being published in the Journal of Biomedical Materials 
Research A in 2005 by Mark L. Morrison, Raymond A. Buchanan, Ramon A. Leon, C.T. Liu, Brandice A. 
Green, Peter K. Liaw, and Joe A. Horton: 
Morrison ML, Buchanan RA, Leon RV, Liu CT, Green BA, Liaw PK, Horton JA. The electrochemical 
evaluation of a Zr-based bulk metallic glass in a phosphate-buffered saline electrolyte, Journal of 
Biomedical Materials Research A, 2005; In press. 
My primary contributions to this paper were all of the experimental work and the writing of the manuscript.  
This excerpt has been reprinted from [169] with permission from John Wiley & Sons. 
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Five tests were conducted on each of three Vit 105 BMG samples for a total of 15 
corrosion tests in the PBS electrolyte.  For comparison, several common biomaterials 
were also selected for testing.  These included:  (a) four tests on one sample of Ti90Al6V4 
(wt.%) [Ti86.2Al10.2V3.6 (at.%), ASTM F136], denoted as Ti-6Al-4V; (b) three tests on one 
sample of Co63Cr28Mo6 (wt.%) [Co61.4Cr30.9Mo3.6 (at.%), ASTM F799], denoted as 
CoCrMo; and (c) fifteen tests on two samples of AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], denoted as 316L SS. 
A representative XRD spectrum from the Vit 105 corrosion samples is shown in 
Figure 34.  As expected, each spectrum demonstrated a broad, diffuse peak characteristic 
of amorphous alloys.  The average cyclic-anodic-polarization curves for each of the 
materials tested are plotted in Figure 26.  These average curves demonstrate that each 
material was passive at Ecorr and exhibited low open-circuit corrosion current densities in 
the passive region.  The derived corrosion parameters were compared between all of the 
materials tested to identify statistically significant differences.  The results of these 
ANOVA and Tukey post-hoc tests are summarized in Table 8.  Within each of the 
derived parameters, materials not connected by the same letter are significantly different 
at a 0.05 level of significance (α). 
The BMG alloy demonstrated passive behavior at the open-circuit potentials with 
low mean (± 95% CIs) and median CPR values of 0.8 ± 0.4 and 0.5 µm/year, respectively 
(Figure 27).  These values are relatively low and within the expected range for passive 
behavior.  For comparison, the mean (± 95% CIs) and median CPR values were 
determined to be 0.3 ± 0.2 and 0.3 µm/year, respectively, for the CoCrMo alloy (Figure 
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27) and 0.3 ± 0.2 and 0.3 µm/year, respectively, for the Ti-6Al-4V alloy (Figure 27).  
Furthermore, the mean (± 95% CIs) and median CPR values for the 316L SS were 1.5 ± 
0.4 and 1.3 µm/year, respectively (Figure 27).  When comparing mean CPR values, the 
Vit 105, Ti-6Al-4V, and the CoCrMo alloys exhibited 47%, 80%, and 80% reductions in 
mean corrosion rates, respectively, as compared to the 316L SS (p < 0.0001).  All other 
differences in the mean CPR values were found to be statistically insignificant.  For 
comparison, the measured Ecorr values as also plotted in Figure 28. 
The BMG alloy exhibited a susceptibility to localized corrosion at elevated 
potentials with mean (± 95% CIs) and median Epit values of 69 ± 53 mV (SCE) and 65 
mV (SCE), respectively (Figure 29).  Furthermore, the mean (± 95% CIs) and median ηpit 
values were determined to be of 474 ± 73 and 534 mV, respectively (Figure 30).  The 
316L SS also demonstrated a susceptibility to pitting corrosion with mean (± 95% CIs) 
and median ηpit values of 531 ± 75 and 509 mV, respectively (Figure 30).  Both the 
CoCrMo and Ti-6Al-4V alloys were not susceptible to localized corrosion in the tested 
environment and, therefore, ηpit and ηpp values could not be determined for these 
materials.  In this study, no statistically significant difference was found for the Vit 105 
and 316L SS mean ηpit values.  For the Vit 105 BMG, the mean (± 95% CIs) and median 
Epp values were -180 ± 11 and -177 mV, respectively (Figure 31).  Thus, the mean (± 
95% CIs) and median ηpp values were calculated to be 225 ± 38 and 219 mV, 
respectively, for the Vit 105 alloy and 147 ± 18 and 140 mV, respectively, for the 316L 
SS (Figure 32).  As compared to the 316L SS, this difference represented a statistically 
significant increase of 53% (p = 0.0019) for the Vit 105 alloy. 
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All of the corrosion samples were examined by stereomicroscopy after corrosion 
testing.  For the Vit 105 BMG samples, every sample exhibited corrosion in the form of 
localized pitting in a few locations (~1-5) on the samples.  The 316L stainless steel 
samples almost always exhibited localized corrosion in the form of large, connected pits 
at the edges of the area exposed to the electrolyte.  This was likely due to crevice 
corrosion between the samples and the specimen holder.  Therefore, it is expected that 
this material would exhibit improved localized corrosion resistance in an ideal situation 
without any crevices.  Post-test microscopic examination of the CoCrMo and Ti-6Al-4V 
samples revealed that there were no pits on the surfaces of any of the tested samples.  
Therefore, the apparent breakdowns on the polarization curves (Figure 26) are likely 
associated with uniform passive film dissolution for the CoCrMo and water oxidation for 
the Ti-6Al-4V. 
In addition, several of the relevant corrosion parameters from this study and other 
reports in the literature (for the same electrolyte) are presented in Table 7 for comparison.  
However, it should be noted that comparisons between these results and others should be 
made with the knowledge that they are dependent upon differing surface conditions, 
potential scan rates and other test parameters.  The one exception was the corrosion 
evaluation of the Vit 1, for which the original data was available for direct statistical 
comparisons [24].  No statistically significant difference was found between the mean ηpit 
value for the Vit 105 alloy and that reported for the Vit 1 material, which was tested 
under identical conditions [24].  Furthermore, the mean ηpit value for the Vit 105 alloy 
appears to be lower than those reported for both the Zr65Al7.5Ni10Cu17.5 (at.%) [22] and 
Zr65Al7.5Cu27.5 (at.%) [79] alloys.  However, both of these materials were fabricated by 
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melt-spinning with sample thicknesses of 25 – 50 µm and were, thus, not bulk metallic 
glasses.  Finally, all of the corrosion parameters derived in this study for the standard, 
crystalline biomaterials were within the wide range of results reported in the literature for 
other in vitro studies in physiologically-relevant electrolytes and in vivo studies [144, 
175-181]. 
Unfortunately, most studies in the literature do not investigate repassivation 
kinetics.  Therefore, comparisons with other amorphous alloys in the same electrolyte are 
limited.  However, a direct statistical comparison was possible with the Vit 1 alloy.  The 
mean ηpp value for the Vit 105 alloy is statistically equivalent to that reported for the Vit 
1 BMG alloy [24].  Again, CPRs are typically not reported in the literature.  However, the 
Ti-6Al-4V and CoCrMo alloys both demonstrated 70% decreases in mean CPR as 
compared to the Vit 1 alloy amorphous alloy (p < 0.0001) [24].  The CPR values for the 
Vit 105 BMG and 316L SS alloys were found to be statistically equivalent to the CPR for 
the LM-001 alloy. 
The 316L stainless steel alloy has been used successfully in biomedical 
applications for more than 30 years [182].  Today, 316L SS is still utilized primarily for 
temporary components such as bone plates, bone screws and intramedullary rods [183].  
Modern-day, long-term implants are more commonly fabricated from the CoCrMo and 
Ti-6Al-4V alloys due to their superior corrosion properties.  Therefore, it is important to 
note that the Vit 105 BMG alloy demonstrated better general and localized corrosion 
resistances, as compared to the 316L SS.  Moreover, this study revealed that, in the tested 
environment, this amorphous alloy showed equivalent CPR values, as compared to both 
the CoCrMo and Ti-6Al-4V alloys.  Moreover, these excellent electrochemical properties 
 61
 
 
are combined with a low modulus and unparalleled strength.  This unique combination of 
properties dramatically demonstrates the potential for amorphous alloys as a new 
generation of biomaterials.  While these results are encouraging, much more work needs 
to be done to examine the electrochemical properties of this and other BMG alloy 
compositions in environments that better replicate the in vivo environment. 
Based upon the results of this investigation, the following conclusions were 
drawn.  All of the tested materials exhibited passive behavior at the open-circuit 
potentials with low corrosion rates in the phosphate-buffered saline (PBS) electrolyte.  
The CoCrMo and the 316L stainless steel alloys demonstrated the lowest and highest 
mean corrosion penetration rates (CPRs), respectively, of the tested materials.  The Vit 
105 BMG alloy exhibited a 47% decrease in CPR as compared to the 316L stainless steel 
and a statistically equivalent CPR as compared to the Ti-6Al-4V.  As expected, the 
CoCrMo and Ti-6Al-4V materials did not exhibit susceptibilities to pitting corrosion in 
the PBS electrolyte.  Susceptibilities to pitting corrosion were seen for the 316L stainless 
steel and Vit 105 BMG.  The Vit 105 BMG alloy exhibited a 53% increase in the 
resistance to pitting corrosion as compared to the 316L stainless steel.  Although pitting 
corrosion might be a concern for the 316L stainless steel and Vit 105 BMG alloy 
depending upon the local and bulk environments, the mean protection potentials were 
found to be greater than the open-circuit potentials in all of the tested conditions.  These 
positive values of ηpp signify a high probability of repassivation due to the formation of 
surface irregularities or damage to the passive film by scratches or applied stresses. 
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4.5. Corrosion Behavior of the Vitreloy 105 BMG Alloy in a 0.6 M NaCl Electrolyte 
Five cyclic-anodic-polarization tests were conducted on each of the three BMG 
samples for a total of 15 corrosion tests.  For comparison, several crystalline, corrosion-
resistant materials were also selected for testing.  These included:  (a) thirteen tests on 
four samples of AISI 316L stainless steel [Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], denoted 
as 316L SS; (b) five tests on one sample of Co63Cr28Mo6 (wt.%) [Co61.4Cr30.9Mo3.6 (at.%), 
ASTM F799], denoted as CoCrMo; and (c) five tests on one sample of a Zr-based alloy 
[Zr98.42Sn1.4Fe0.1 (at.%)], similar to the Zircaloy family of alloys. 
A second round of tests was conducted in an attempt to identify the source of 
pitting initiation.  In these tests, three samples of the Vit 105 BMG alloy were mounted in 
epoxy and polished to a 0.05 µm alumina-slurry surface finish.  Scanning electron 
microscopic (SEM) examination was conducted to identify any visible defects, pits, or 
scratches that could influence the point of pit initiation.  This pre-test analysis was 
accomplished through a systematic survey of the samples at low and high magnifications.  
Cyclic-anodic-polarization tests were conducted in a similar fashion as previously 
described.  However, in these tests, the test was manually stopped at varying times after 
pit initiation.  Post-test SEM examination and energy-dispersive spectroscopy (EDS) 
were performed. 
The average cyclic-anodic-polarization curves for each of the materials tested are 
plotted in Figure 35.  These average curves demonstrate that each material was passive at 
Ecorr and exhibited relatively low open-circuit corrosion current densities (icorr) in the 
passive region.  The derived corrosion parameters for each material, with 95% CIs, are 
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presented in Table 6.  The Ecorr values (Figure 36) for each of the crystalline materials 
was statistically different from that of the Vit 105 alloy. 
The Vit 105 BMG was found to have relatively low mean (± 95% CIs) and 
median CPRs of 29.3 ± 33.5 and 8.8 µm/year, respectively (Figure 37).  While the mean 
CPR is moderately high for passive behavior of a corrosion-resistant material, this value 
was positively skewed due to one data point (236 µm/year) that was determined to be an 
outlier.  In such a case, the median, which is more resistant to outlier affects, is a better 
measure of the CPR.  With this single outlier removed, the mean (± 95% CIs) and median 
CPRs were calculated to be 14.6 ± 11.9 and 6.5 µm/year, respectively.  The CPR for the 
Vit 105 BMG was found to be statistically different from those of the 316L SS, CoCrMo, 
and Zr-based alloys, with or without the outlier, at the tested levels. 
For a comparison to other corrosion-resistant materials in the same, or similar, 
electrolytes, the corrosion parameters derived in this study and those reported in the 
literature are summarized in Table 7.  Furthermore, the original corrosion data was 
available for the Vit 1 BMG [24] and a previous report on the Vit 105 BMG alloy [21] 
tested in the same environment.  Therefore, direct statistical comparisons with the current 
data were possible.  The CPR calculated in this study for the Vit 105 BMG was 
determined to be statistically equivalent to those reported for the LM-001 and Vit 105 
materials, with or without the outliers, at the tested levels. 
The Vit 105 BMG was also found to be susceptible to localized corrosion in the 
form of pitting.  Partitioned scatter and box plots of the Epit and Epp values are presented 
in Figures 38 and 39, respectively.  On the other hand, the Vit 105 BMG demonstrated a 
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large amount of variation in localized-corrosion resistance from test-to-test.  For instance, 
the current densities in the passive region of the anodic curve ranged from 1 to 1000 
mA/m2.  Furthermore, five of the fifteen tests (33%) exhibited immunity to localized 
corrosion, up to a potential of almost 4 V in one case.  Therefore, the average polarization 
curve presented in Figure 35 and the derived localized-corrosion parameters are only 
applicable to the 66% of the tests that experienced pitting.  The mean (± 95% CIs) and 
median ηpit values for the Vit 105 were 603 ± 409 and 231 mV, respectively (Figure 40).  
The mean (± 95% CIs) and median ηpp values for the Vit 105 were 91 ± 64 and 81 mV, 
respectively (Figure 41).  In both cases, the Vit 105 BMG samples that experienced 
localized corrosion were determined to be statistically equivalent to the 316L SS and Zr-
based materials at the tested levels, in terms of the localized-corrosion resistance.  
However, this high resistance to localized corrosion was not comparable to the CoCrMo 
alloy, which exhibit immunity to localized corrosion in this electrolyte.  Post-test 
microscopic examination of the CoCrMo samples revealed that there were no pits on the 
surfaces of any of the tested samples.  Therefore, the apparent breakdown on the average 
polarization curve (Figure 35) is likely associated with uniform passive film dissolution.  
Comparing these results to those reported in the literature (Table 7), the localized 
corrosion resistance of the Vit 105 BMG appears to be superior to that of the other BMGs 
that have been investigated in the same electrolyte.  However, the mean CPR for the Vit 
105 BMG, with or without the outlier, is significantly higher. 
Prior to conducting the second round of tests, SEM analysis demonstrated that the 
mounted and polished samples were generally free of scratches and defects.  On several 
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occasions, a limited amount of small porosity was observed with a size range of 1 – 5 µm 
(Figures 42a – 42b).  Two cyclic-anodic-polarization tests were conducted in which the 
tests were stopped approximately 1 – 5 mV after Epit.  Multiple pits were observed on the 
surfaces of the samples (Figures 42c and 42d) upon examination in the SEM.  Many of 
these pits exhibited morphologies that appeared to contain remnants of particles in the 
centers of the pits.  Based upon these morphologies at the initial stages of pit growth, it 
appears that the pits initiated at inhomogeneities in the amorphous material and 
propagated at constant rates through the amorphous matrix to produce spherical pits.  
Thirty-five EDS spectra were collected at various points within the pits, and 11 spectra 
were collected in the amorphous matrix (away from the pits) for comparison.  This data 
(Table 9) demonstrated that the pits were enriched in copper and depleted in the other 
elements in the alloy, particularly Zr.  This pit morphology and high Cu-content is similar 
to that reported by Mudali et al. [184].  Based upon the Pourbaix diagram for Cu [185], it 
is possible that the high Cu content is due to the dissolution of Cu to Cu++ within the pit 
(at lower pH), followed by the precipitation of CuO or Cu because of a subsequent rise in 
pH within or outside of the pit, or saturation of the solution with Cu ions on the local 
level, respectively. 
In this study, cyclic-anodic-polarization tests were conducted with the Vit 105 
BMG alloy in a 0.6 M NaCl electrolyte.  Several corrosion-resistant, crystalline alloys 
were also studied in the same electrolyte for comparison.  Based upon the results of this 
investigation, the following conclusions were drawn.  The Vit 105 BMG was passive at 
the open-circuit potentials and exhibited moderately low CPRs.  This CPR was found to 
be higher than those calculated for the 316L SS, CoCrMo, and Zircaloy materials by a 
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statistically significant difference.  Furthermore, the Vit 105 CPR was statistically 
equivalent to those reported in the literature for the Vit 1 and Vit 105 alloys, at the tested 
levels.  The Vit 105 BMG was found to be susceptible to localized corrosion in the form 
of pitting.  However, this alloy demonstrated a large amount of variation in localized-
corrosion resistance from test-to-test.  For instance, five of the fifteen tests (33%) 
exhibited immunity to localized corrosion, up to a potential of almost 4 V in one case.  
The Vit 105 BMG samples that experienced localized corrosion were determined to be 
statistically equivalent to the 316L SS and Zr-based materials at the tested levels, in terms 
of the localized-corrosion resistance.  However, this high resistance to localized corrosion 
was not comparable to the CoCrMo alloy, which exhibit immunity to localized corrosion 
in this electrolyte. 
 
4.6. Corrosion-Fatigue Studies of the Vitreloy 105 BMG Alloy 
4.6.1. Mechanical Characterization 
The cyclic, four-point bend testing in air resulted in a large amount of scatter at 
most stress ranges (Figure 43).  However, the scatter decreased at higher stress ranges, as 
typically expected for S-N behavior.  In general, the majority of the fatigue lives were 
greater than those reported by Peter et al. for the same material tested in uniaxial fatigue 
[18, 19].  It appears that the fatigue endurance limit is approximately equal to or greater 
than the 907 MPa reported by Peter et al. [18, 19]. 
The stress-life data for the Vit 105 BMG bend samples tested in the 0.6 M NaCl 
electrolyte is plotted in Figure 43 along with the air data for comparison.  As can be seen 
in the plot, the environment had a large effect on the fatigue lives, resulting in fatigue 
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lives that were generally shorter than in air.  Surprisingly, these fatigue lives in the 0.6 M 
NaCl electrolyte were still equal to or greater than the fatigue lives reported by Peter et 
al., above the uniaxial fatigue endurance limit of 907 MPa reported by Peter et al. [18, 
19].  However, the fatigue endurance limit in the 0.6 M NaCl electrolyte is greatly 
reduced compared to both the four-point bending tests in air and the uniaxial tests 
conducted by Peter et al.  In this study, it appears that the fatigue endurance limit in the 
corrosion-fatigue condition is below a stress range of 400 MPa (Figure 43). 
4.6.2. Fractography 
SEM fractography revealed that all of the samples tested in air and NaCl appeared 
to fail due to fractures that initiated on the tensile sides of the samples.  Wear at both the 
inner and outer pin locations was evident in both environments on all of the samples.  
Most of the bend samples tested in air exhibited fracture surfaces with the typical fatigue 
regions for a BMG [Figure 44(a)]:  a striated, slow crack-growth region [Figure 44(b)]; a 
transition region [Figure 44(c)]; and an overload, fast-fracture, region with areas 
containing the vein pattern [Figure 44(d)] typically observed in BMGs.  On the other 
hand, most of the samples tested in NaCl exhibited a different fracture morphology 
[Figure 45(a)].  Although striations were observed at various locations on these samples, 
a majority of the fracture surfaces demonstrated alternating regions of smooth steps, 
separated by abrupt changes in fracture planes, as shown in Figure 45(b).  In some cases, 
these abrupt changes between the smooth fracture regions also contained visible striations 
[Figure 45(c)]. 
In a few tests, interior initiation sites were observed (Figure 46) where it appeared 
that fracture initiated at inhomogeneities within the samples.  Porosity was also observed 
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on several of the fracture surfaces, most commonly at the transition from the controlled, 
striated crack-growth region to the final fracture/overload region (Figure 47).  Finally, 
multiple samples appeared to fail due to fractures that initiated on the tensile surface at 
surface defects not associated with the corners, as shown in Figure 48. 
In air, the majority of the samples (62%) failed within the inner span from 
fractures that initiated at, or within, the inner pins, as demonstrated in the schematic 
diagram in Figure 49.  This behavior is expected since both the shear and tensile stresses 
are at maximums within these inner load pins.  There were no obvious correlations 
between stress ranges and initiation locations.  It should be noted that this diagram is 
schematic in that the plotted lines do not reflect the exact fracture planes on the samples.  
Rather, these lines simply reflect the fracture locations on the tensile and compressive 
surfaces of the bend samples.  In addition, a histogram of the initiation locations for the 
bend samples tested in air is presented in Figure 50.  As demonstrated in the histogram, 
the most frequent initiation location (mode) was at one of the inner loading pins.  SEM 
fractography demonstrated that most of the fractures in air (62%) initiated at the corners 
of the samples, similar to that shown in Figure 44(a).  Finally, approximately 31% of the 
fractures appeared to initiate on the tensile surfaces at other surface defects not associated 
with the corners (Figure 48). 
A schematic diagram of the failure locations for the bend samples tested in the 0.6 
M NaCl electrolyte is presented in Figure 51.  Based upon this diagram, a correlation 
between stress range and initiation location is evident.  All of the samples tested at stress 
ranges of 1600 MPa failed within the inner span, similar to the samples tested in air, 
while the majority (67%) of those tested at lower stress ranges failed from cracks that 
 69
 
 
initiated at the outer pins.  This correlation is likely due to the limited time per test at the 
higher stresses during which corrosion-fatigue can occur.  Again, these lines simply 
reflect the fracture locations on the tensile and compressive surfaces of the bend samples, 
not the exact fracture planes.  In addition, a histogram of the initiation locations for the 
bend samples tested in air is presented in Figure 52.  The shift in failure locations in the 
0.6 M NaCl electrolyte is probably due to increased corrosion in conjunction with a 
greater amount of wear at the outer pins, which resulted in removal of the passive film, 
localized corrosion, and crack initiation. 
Moreover, many of the samples exhibited particles on the fracture surfaces 
(Figures 53-55), which would be unexpected in an ideally homogeneous, amorphous 
material.    Generally, there were three types of particles observed on the fracture surfaces 
of the fatigue samples.  First, there were particles with approximate diameters of 5 – 20 
µm that formed in isolation or in small groups, as shown in Figure 53.  Analysis of 
matching fracture surfaces indicated that the particles on one surface corresponded to 
craters on the opposite surface [Figures 53(c-d)].  Second, there were groups of particles 
that formed arcs across the fracture surfaces, as demonstrated in Figure 54.  Some of the 
arcs were short [Figure 54(a-c)], while some of them stretched across most of the bend 
sample, as shown in Figure 54(d).  In general, most of these arcs consisted of particles 
that were approximately 5 – 20 µm in diameter.  Finally, there were also large sheets of 
smaller particles with diameters less than 3 – 5 µm (Figure 55).  These networks of 
smaller particles were observed to form in concentric arcs across the samples in various 
locations, as can be observed in Figures 55(c-d).  Based upon the appearance of these 
sheets of particles, it appears that the interfaces along the surfaces of the sheets are 
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weakened and facilitate fracture propagation.  In general, these arcing sheets of particles 
appear to be similar to the swirl patterns previously observed on polished and etched 
samples (Figure 56).  Furthermore, these morphologies are also similar to those reported 
by Yokoyama et al. in a Zr-Cu-Ni-Al BMG alloy [186].  The authors attributed these 
particle arrays to oxygen contamination of the cast ingots. 
Upon further examination, a clear correlation was observed between the presence 
of the particles on the fracture surface and a decreased fatigue life at a given stress range.  
To illustrate this correlation between inhomogeneities and fatigue lives, the S-N plots for 
the samples tested in air and 0.6 M NaCl are presented in Figures 57 and 58, respectively, 
with the qualitative amount of particles and porosity observed in each sample 
superimposed onto the stress-life data.  Based upon these plots, it is evident that these 
particles and porosity greatly influenced the fatigue performance of this BMG alloy at all 
stress ranges and in both environments.  Furthermore, much of the scatter in the fatigue 
life data can be attributed to these inhomogeneities in the samples.  It should be noted 
that the particles and craters were never observed to cause crack initiation.  Thus, it is 
theorized that these defects resulted in faster crack growth rates, ultimately resulting in 
shorter fatigue lives.    However, the resultant scatter in the NaCl electrolyte is drastically 
decreased, as compared to the data from the tests conducted in air.  This is likely due to 
the environmental effects surpassing the inhomogeneities as the dominant life-limiting 
mechanism.  Finally, it can safely be assumed that the fatigue lives presented in this study 
are very conservative estimates relative to the potential fatigue performance of a 
homogeneous Vit 105 BMG alloy. 
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4.6.3. Electrochemical Characterization 
During all of the bending fatigue tests conducted in the 0.6 M NaCl electrolyte, 
the open-circuit potential (Eoc) was recorded as a function of time.  Initially, each sample 
was placed in the electrolyte and allowed to come to a steady-state in the unstressed 
condition.  The Eoc was allowed to stabilize according to the criteria previously outlined, 
and, once this was achieved, this Eoc was assumed to be Ecorr.  For most of the tests at 
each stress range, there was a general trend (Figure 59) of a large decrease in potential at 
the onset of cyclic loading and a gradual increase in Eoc, followed by a plateau once a 
steady-state was reached.  The potential at which this plateau was observed for each 
sample was correlated with the stress range (coefficient of determination = r2 = 0.63), 
where increasing stress ranges corresponded to lower, more active plateau potentials.  
After a period of time, the Eoc began to decrease until the sample fractured.  After 
fracture, the sample was no longer under cyclic loading, and Eoc increased back up to a 
potential near the unstressed Ecorr. 
During some of these corrosion-fatigue tests, the samples and open-circuit 
potentials were observed during testing.  It was noted that visible cracks on the samples 
corresponded to the potential downturns near the ends of the tests.  While it is possible 
that crack initiation occurred prior to this point, the potential downturn likely represents 
bare metal being exposed to the electrolyte at the crack tip.  Thus, this downturn 
represents the onset of significant crack propagation leading to failure.  Moreover, the 
elapsed time at the potential downturn was recorded for each test and divided by the 
elapsed time at failure to determine the percent of the fatigue life at which significant 
crack propagation occurred.  It was found that this downturn occurred at a mean (± 
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standard deviation) of 92% ± 4% of the total fatigue lives.  The maximum and minimum 
values were calculated to be 98% and 86%, respectively. 
The average cyclic-anodic-polarization curve at a stress range of 900 MPa 
(denoted as corrosion-fatigue) is presented in Figure 60 with the average polarization 
curve from the static electrochemical studies (unstressed condition) for comparison.  
Where the mean ηpit (± 95% CIs) in the static condition was 603 ± 409 mV, the cyclic 
loading reduced Epit to a potential less than Ecorr, resulting in a ηpit that is negative.  Thus, 
the cyclically loaded samples actively undergo pitting at Ecorr.  Interestingly, the Epp value 
remained unchanged, signifying that the repassivation mechanism does not change under 
cyclic loading.  It is also significant that icorr increased by approximately two orders of 
magnitude under the corrosion-fatigue conditions, as compared to the static condition.  
The mean CPR (± 95% CIs) in the corrosion-fatigue condition was calculated to be 1119 
± 284 µm/year, as compared to 29 ± 34 µm/year for the static condition.  However, the 
CPR approximation is only valid for uniform corrosion.  Since localized corrosion was 
occurring at Ecorr, the actual CPR at the pits is likely much higher. 
In an effort to determine the mechanism responsible for the environmental 
degradation in this material, several tests were conducted with imposed potentials on the 
bend samples.  First, a cathodic potential of -900 mV (SCE) was imposed on the sample 
throughout cyclic loading at a stress range of 900 MPa.  While the average unpolarized, 
corrosion-fatigue life at this stress range was 58,350 cycles, the cathodically polarized 
sample did not fail up to 650,000 cycles, an order of magnitude increase in the fatigue life 
at a minimum.  At that point, the cathodic polarization was stopped, and an anodic 
potential of 100 mV (SCE) was then imposed on the sample.  After the initiation of 
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anodic polarization, the sample failed after 2134 cycles.  To further verify this effect, a 
second test was conducted in which an anodic potential of -100 mV (SCE) was imposed 
on the sample throughout cyclic loading at a stress range of 900 MPa.  In this case, the 
sample failed after 2302 cycles, a 96.1% decrease as compared to the mean unpolarized 
fatigue life.  Thus, based upon these results, it can be concluded that the environmental 
degradation mechanism is through anodic dissolution of the alloy, not hydrogen 
embrittlement.  Furthermore, it is important to note that this type of degradation 
mechanism can be avoided by cathodic protection, as demonstrated in this study.  These 
results are similar to those reported by Ritchie et al. for the Vit 1 alloy in similar 
environments [104, 105].  In recent studies, Peter et al. have found that the fatigue life of 
the Vit 105 BMG is particularly sensitive to surface conditions [187].  Thus, it is not 
surprising that crack initiation occurred at the location of this pin wear.  However, it is 
reasonable to assume that the fatigue lives and fatigue-endurance limits reported in this 
study are conservative estimates.  In the absence of porosity and pin wear, it is expected 
that fatigue lives would be longer and the fatigue-endurance limits could be higher. 
The four-point-bending-fatigue performance of the Vit 105 alloy has been defined 
in both air and 0.6 M NaCl.  In air, a direct comparison of four-point-bending and 
uniaxial fatigue was conducted using materials that were fabricated and tested in the 
same labs, and following the same testing procedures.  The fatigue lifetimes in air were in 
four-point bending were found to be equal to or greater than those reported in uniaxial 
testing.  Moreover, the bending fatigue endurance limit appears to be equal to or greater 
than that reported for uniaxial fatigue.  Thus, the significant differences between studies 
reported in the literature are not likely to be due to this difference in testing geometry.  
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On the contrary, the fatigue lifetimes were found to be highly dependent upon surface 
defects and material quality.  Therefore, it is theorized that these variables likely account 
for the greatly varying conclusions on the fatigue performance of BMGs.  Furthermore, 
the environmental effect of 0.6 M NaCl on the fatigue behavior of the Vit 105 BMG alloy 
has been defined.  Surprisingly, the bending fatigue lives in the 0.6 M NaCl electrolyte 
were still equal to or greater than those reported for uniaxial fatigue in air, above the 
uniaxial fatigue endurance limit of 907 MPa in air.  However, the corrosion-fatigue 
endurance limit was severely reduced to a stress range less than 400 MPa.  In addition, 
the scatter in the fatigue data was determined to be primarily due to the inhomogeneities 
observed in most of the samples.  Finally, the shift in the polarization curve due to 
applied cyclic stresses was defined, and the degradation mechanism was found to be 
anodic dissolution, not hydrogen embrittlement. 
 
4.7. Shear-Band Evolution in the Vitreloy 105 BMG Alloy 
The relationship between temperature and material deformation has long been 
recognized.  In 1853, Kelvin summarized the relationship between the temperature and 
elastic strain, which is commonly known as the thermoelastic effect [188].  Furthermore, 
Kratochvil and Dillon developed the thermoplastic theory in 1960s [189, 190].  These 
two theories directly relate the temperature with the stress–strain state of the material, 
which, in turn, determines the mechanical behavior. However, prior to the last two 
decades, further development of thermography as a non-destructive evaluation (NDE) 
technique was constrained by the resolution of the available instrumentation [191-193]. 
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Recently, research has shown the potential of thermography for in situ monitoring 
deformation during mechanical testing [194-205].  In this study, the deformation and 
failure mechanisms of a BMG were examined during tension experiments through in situ 
monitoring with a high-speed, high-resolution infrared (IR) camera.  The use of the IR 
camera during mechanical testing permitted the heat generated through deformation to be 
imaged in real time at high spatial and temperature resolutions.  Quantitative 
measurements of shear band (SB) properties and kinetics are presented. 
The XRD spectra of the tensile specimens showed broad, diffuse peaks that are 
characteristic of amorphous alloys (Figure 61).  The first two tensile tests were conducted 
with a loading rate of 147 N/s (approximately 1 x 10-2 strain rate).  However, few images 
of shear bands were acquired at these rates.  Therefore, the loading rate was decreased to 
45 N/s (approximately 1 x 10-3 strain rate) for the remaining eight tests.  At the lower 
loading rate, multiple shear bands were imaged in a majority of the tests.  However, shear 
bands were not visualized in all of the tests.  In general, the “unpolished edge” specimens 
exhibited multiple shear bands in numerous locations throughout the gage section.  In 
contrast, the “polished edge” specimens typically exhibited multiple shear bands in a 
concentrated location in the region of the final failure.  This change in the shear-band 
evolution was likely due to the removal of numerous stress concentrators present along 
the “rough” edges of the gage section in the “unpolished edge” specimens.  For all tests 
in which shear bands were observed, the IR images revealed that multiple shear bands 
initiated, propagated to various lengths, and arrested before reaching the opposite edges 
of the specimens.  After arrest, many shear bands were reactivated at a later time (and 
higher stress) and propagated before arresting again.  A shear-band-activation event was 
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defined as either: (i) the initiation, propagation, and arrest of a shear band (Type I), or (ii) 
the reactivation, propagation, and arrest of a previously observed shear band (Type II).  
This type of behavior is particularly surprising because the prevailing belief has been that 
BMGs loaded in uniaxial tension will fail by the initiation and propagation of a single 
shear band [206, 207]. 
A particular “unpolished edge” specimen, in which 59 shear bands were observed, 
was selected for extensive analysis and will be discussed in detail.  This particular test 
was conducted at a loading rate of 45 N/s and an IR image size of 64 x 128 pixels.  The 
first shear band was observed approximately 4.1 seconds before failure.  Within this final 
4.1 seconds of the test, a minimum of 59 shear bands was observed.  In each case, the 
primary shear bands initiated along one edge of the specimen and propagated at an 
average 56° from the loading direction (Figure 62).  This shear band angle was verified 
through post-test SEM examination.  The minimum shear band propagation velocity was 
estimated to be approximately 1 m/s based upon the maximum shear band propagation 
distance observed between IR camera frames (1.368 mm) and the time between frames 
(1.4 ms). 
Although there were regions with higher shear band densities than others, the 
shear bands were distributed along the entire length of the gage section.  The location of 
each shear band was measured to determine the number of Type I and Type II shear 
bands.  A histogram of the number of shear bands that were imaged as a function of 
location along the length of the gage section is presented in Figure 63(a).  Type I shear 
bands accounted for 45 (76.3%) of the 59 shear bands imaged.  Type II shear bands 
accounted for the remaining 14 (23.7%) shear bands. Among all of the shear bands 
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observed, 12 shear bands (20.3%) were reactivations of shear bands at locations that had 
already experienced one previous shear-band-activation event, while 2 shear bands 
(3.4%) were reactivations of shear bands at locations that had already experienced two 
previous shear-band-activation events.  It is important to note that, on several occasions, 
two shear bands initiated from the same location along the gage section but propagated in 
opposing directions (+56° and -56° to the loading axis).  Therefore, both of these shear 
bands would be classified as Type I shear bands.  Furthermore, a distribution of the 
distance between adjacent shear bands is presented in Figure 63(b).  Both the median and 
mode of the distribution was 0.072 mm, which is the spatial resolution limit of the IR 
camera.  This value is similar to that reported by Conner et al. (~ 0.070 mm) for the 
tensile side of bend samples with a thickness of 0.5 mm [206]. 
A series of IR images depicting the initiation, propagation, and arrest of a major 
and minor shear band at 1.62 GPa is presented in Figure 64.  Within this figure, each 
image is 64 x 128 pixels, or 4.6 x 9.2 mm.  The full gage section of the tensile specimen 
is visible at the center of each image.  Between Frames 1 and 2, a shear band initiates at 
the lower, right edge of the specimen and propagates a short distance into the interior of 
the specimen (as denoted by the arrow in Frame 2).  In Frame 3, the shear band has 
further propagated and arrested.  In Frame 4, a second, shorter shear band has already 
initiated, propagated, and arrested at a location immediately below the former shear band 
(as denoted by the arrow in Frame 4).  The remaining images show the dissipation of the 
heat generated during initiation and/or propagation of the shear band.  At stress levels 
below approximately 1.67 GPa, all of the heat generated by the shear bands gradually 
dissipated through conduction within approximately 30 frames (41 ms). 
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As the specimen approached the failure stress (1.69 GPa), this conductive cooling 
after shear band arrest no longer occurred at such a rapid rate.  As seen in Figure 65, two 
shear bands at opposing angles have initiated, propagated, and arrested immediately prior 
to Frame 1.  After the arrests of these shear bands, this region of the gage section (also 
the location of the final failure) exhibited conductive cooling at a much slower rate 
throughout the final 280 ms before failure (Frames 2 – 10 in Figure 65).  It is believed 
that multiple shear bands initiated, or reactivated, and propagated in rapid succession in 
this region and prevented the faster heat dissipation rate that was observed at lower stress 
levels (Figure 64).  After regional heating, the successive shear bands in this portion of 
the gage section were not visible in the IR data.  Therefore, it is expected that the total 
number of shear bands generated in the gage section was significantly higher than those 
visualized by thermography.  Frame 10 (Figure 65) was the final image obtained prior to 
failure. 
The IR images were carefully analyzed frame-by-frame to determine the exact 
time and stress of each of the 59 shear-band-activation events.  The elapsed time and 
stress at the time of the ith shear-band-activation event is plotted in Figure 66.  For 
instance, the third shear band occurred at a time of 33.2 s and a stress of 1.52 GPa.  After 
shear banding began at 1.51 GPa, the shear bands occurred at various times with a 
relatively uniform distribution.  However, the shear bands that occurred near the onset of 
shear banding and immediately prior to failure both deviate from the linear portion in the 
middle of the plot.  For every shear band, the elapsed time since the previous shear-band-
activation event was calculated.  Once shear banding began, the mean (± 95% CIs) and 
median times between sequential shear-band-activation events were 0.070 ± 0.022 and 
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0.044 s, respectively.  Linear regression revealed that the SB initiation rate was 
approximately 17 shear bands per second after the occurrence of the initial shear band.  
No correlation was observed between any of the variables analyzed in this study and the 
elapsed time between the shear-band-activation events (0.00 < r2 < 0.14). 
An AutoRegressive Integrated Moving Average (ARIMA) model was employed 
to analyze the time sequence data of the shear-band-activation events [208].  ARIMA 
time series analysis models patterns in time series data and predicts the occurrence of 
future events by using a linear combination of the past values and past errors in the data.  
This analysis revealed that no structure was present in the data except the distribution of 
the time between events (Figure 67).  Based upon this distribution, a lognormal 
distribution was fit to the data but did not adequately explain the data. 
Moreover, the evolution of each shear band was elucidated by analyzing 
sequential frames of the IR images.  A schematic diagram of a shear band is presented in 
Figure 68(a) in order to better illustrate the data extracted from the IR images.  A plot of 
temperature as a function of the distance along the axis of each shear band [Figure 68(b)] 
was made for 37 of the 59 shear bands.  The remaining 21 shear bands were not included 
in the analysis because they were either too short or more than two shear bands 
intersected, complicating a detailed analysis.  The distance in each profile was measured 
from the point of shear-band initiation (the edge of the gage section) to the point of shear 
band arrest.  From this plot, the length (L), maximum temperature (Tmax), and mean 
temperature (Tavg) of each shear band were determined.  In addition, a “background” 
temperature was determined by averaging the temperature values along each line profile 
from the two previous frames prior to shear band initiation.  The difference between each 
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sequential frame and this “background” temperature profile was determined to calculate 
the maximum temperature increase (∆Tmax) and mean temperature increase (∆Tavg) for 
each shear band.  Furthermore, a plot of the temperature as a function of the distance 
along a line profile perpendicular to the shear band axis [Figure 68(c)] was made for 41 
of the 59 shear bands.  The other 18 shear bands were not analyzed because the short 
lengths made detailed analyses difficult.  From this plot, the width (W) of each shear 
band at a location near the middle of the shear bands (~ 0.5L) was obtained. 
The temperature profiles along the axes of shear-band propagation were analyzed 
for the primary shear band discussed in Figure 64.  The evolution of these temperature 
profiles as a function of time is presented in Figure 69(a).  In addition, a plot of the 
change in temperature, as calculated from the difference between each frame and the 
“background”, as a function of the distance from the point of shear band initiation is 
presented in Figure 69(b).  The frame numbers in both plots also correspond to the frame 
numbers in Figure 64.  As seen in the IR images (Figure 64), the temperature data 
confirms the previous analysis in that the shear band initiated and propagated a small 
distance (~ 0.3 mm) prior to Frame 2 (Figure 69).  Between Frames 2 and 3, the shear 
band further propagated and arrested at a final length of approximately 1 mm.  In Frame 
3, the maximum temperature (Tmax) of approximately 22.5°C was reached at the point of 
initiation [Figure 69(a)].  Furthermore, the maximum temperature increase (∆Tmax) of 
approximately 2.5°C was also attained in the same location [Figure 69(b)].  In the 
following frames, the peak temperature (left-half) decreases and the lower temperature 
region (right-half) of the shear band increases.  These effects are likely due to the heat 
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conduction away from the shear band and along the direction of the shear band after 
arrest, respectively. 
A plot of temperature as a function of the distance perpendicular to the axis of the 
primary shear band in Figure 64 is presented in Figure 70(a).  This line profile was made 
near the middle (~ 0.5 mm from the point of initiation) of the full shear band length.  
Furthermore, a plot of the change in temperature as calculated from the difference 
between each sequential frame and the “background” is presented in Figure 70(b).  
Again, the frame numbers correspond to those in Figures 4 and 9.  Since the shear band 
only propagates to a length of about 0.3 mm prior to Frame 2, the shear band is not 
visible in this temperature profile until Frame 3, at which point the shear band has already 
propagated and arrested.  From the profile obtained in Frame 3, a width of approximately 
0.45 mm was measured (Figure 70).  In the following frames, the heat conduction away 
from the shear band results in a decrease in the maximum temperature and a widening of 
the visible hot band. 
The temperature evolution in Figure 69 was typical of all of the shear bands in 
that the maximum temperature was observed at the point of initiation (the edge of the 
gage section) and the temperature gradually decreased along the entire length of the shear 
band to the point of arrest.  Surprisingly, this trend was also observed for the reactivation 
of previously arrested shear bands (Type II).  Thus, it can be concluded that heat, and 
presumably shear, is generated along the entire length of the shear band when 
propagation occurs. 
The temperature [T (°C)] along the distance of shear-band propagation [x (mm)] 
was characterized by simple linear regression for each shear band.  The decrease in the 
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temperature as a function of distance was rather constant for all of the shear bands 
analyzed with a mean slope (± 95% CIs) of -2.11 ± 0.24 °C / mm.  This gradual decrease 
in the temperature as the shear band propagates suggests that arrest occurs because the 
driving mechanism for shear band propagation slowly decreases until it is exhausted. 
The mean (± 95% CIs), median, maximum, and minimum values for some of the 
parameters derived from this study are summarized in Table 10.  It should be noted again 
that it was not possible to analyze all 59 shear bands for the calculation of these mean and 
median values.  While there were several large shear bands excluded from the analyses 
due to shear bands overlapping, these cases were few in number.  More commonly, shear 
bands were excluded from the analyses because they were too short to accurately analyze.  
Therefore, it is expected that all of the values in Table 10 are the maximum estimates and 
would likely be lower if all of the shear bands were analyzed. 
It should be noted that all of the IR images and data are measures of the 
temperature on the surface of the sample.  In other words, all of the data analyzed in the 
current study is representative of these “hot bands” that result from shear banding.  
Although this data can be utilized to understand the deformation mechanisms occurring 
in the material, both the images and the data are subject to distortion primarily through 
heat conduction.  For instance, the current data demonstrates that the actual temperature 
increase in the hot bands is small (~ 2.5°C).  This temperature increase is consistent with 
that of Wright et al. [86].  However, the mean width of the hot bands analyzed in the 
current study was 0.42 mm.  Reports in the literature have estimated that shear bands 
have a width of approximately 10 – 100 nm.  If all of the heat were assumed to be 
generated within the shear band and constricted to an area with a width of 10 – 100 nm 
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[209], the temperature increase in the shear band could be much greater.  Furthermore, 
there are finite resolution limitations inherent in the IR camera system.  With a pixel size 
of 72 x 72 µm, a high temperature shear band with a width of 100 nm would be averaged 
over the area of the entire pixel.  Thus, this significant difference between the shear band 
size and the resolution of the camera could cause the temperatures observed in this study 
to be significant underestimates of the temperatures generated during shear banding. 
Finally, all of the aforementioned variables derived from the IR and mechanical 
data were sequentially added to or removed from a model to predict the length of the 
shear bands.  The prediction error sum of squares (PRESS) was calculated for each 
iteration of the model.  The only variable that demonstrated a significant contribution to 
the model, denoted by a minimum PRESS value, was the maximum temperature of each 
shear band (Tmax).  As shown in Figure 71, a scatter plot of shear band length [L (mm)] as 
a function of Tmax (°C) demonstrates that approximately 70% of the variation in L is 
accounted for by Tmax as follows: 
L  = 0.23 Tmax  – 4.28                       (6) 
The final failure likely occurred when a shear band grew to a critical length such 
that arrest was no longer possible.  Based upon the correlation between length and Tmax 
observed in this investigation, it can be concluded that final failure must have occurred 
when a critical shear band temperature (Tc) was attained in one or more of the shear 
bands.  As previously mentioned, the region of final failure remained at an elevated 
temperature immediately prior to failure (Figure 65).  This was likely due to a quick 
succession of shear bands at surface defects (stress concentrators) in close proximity, 
which did not allow time for heat dissipation.  As the temperature of the bulk material 
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increased, the maximum shear band temperature probably increased proportionately until 
Tc was reached.  Unfortunately, this failure mechanism cannot be verified by 
thermography because the localized heating of the sample prevents the individual shear 
bands from being observed.  Surprisingly, little correlation (0.14 < r2 < 0.33) was 
observed between the stress and any of the shear band variables investigated, including 
length and Tmax.  Thus, it can be concluded that the location and density of stress 
concentration factors at small surface defects (i.e., the weak links in the chain) exhibited 
a much greater influence on the final failure of the sample than the stress alone.  
Theoretical modeling of the data derived from this study has generated promising results 
[210-213]. 
In conclusion, in situ IR thermography has been shown to be a viable tool for the 
study of shear band evolution in BMGs.  The high spatial and thermal resolution of 
modern IR cameras provides a unique method for the examination of inhomogeneous 
deformation.  The length, location, sequence, temperature evolution, and velocity of 
individual shear bands have been quantified through the use of IR thermography.  For the 
first time, this study surprisingly revealed that multiple shear bands initiated, propagated 
to various lengths, and arrested before reaching the center opposite edges of the 
specimens during uniaxial tensile tests.  After arrest, many shear bands were reactivated 
at a later time and higher stress and propagated before arresting again.  The velocity of 
shear band propagation was estimated to be a minimum of 1 m/s.  The temperature 
profiles along the axis of shear band propagation were found to continually decrease from 
the point of initiation to the point of arrest.  This gradual decrease in the temperature as 
the shear band propagates suggests that arrest occurs because the driving mechanism 
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slowly decreases until it is exhausted.  A maximum temperature increase of 
approximately 2.6°C was observed in association with the propagation of shear bands.  
However, this temperature change is likely an underestimate of the actual increase in 
temperature generated by the shear band due to the limited temporal and spatial 
resolution of the IR camera and rapid heat conduction in the sample.  Finally, the 
maximum temperature of a shear band has been shown to be the best predictor of the 
shear band length out of all of the parameters examined in this study.  Based upon this 
correlation, it can be concluded that the final failure must have occurred when a critical 
shear-band temperature was attained in one or more of the shear bands, preventing the 
arrest of the shear band before it attained a critical length. 
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5.  CONCLUSIONS 
 Although BMGs possess a unique assortment of properties, the lack of 
electrochemical and mechanical characterization for many of the compositions has 
hindered these materials from being used in structural applications.  Moreover, the lack 
of understanding of localized corrosion and the deformation and failure mechanisms 
associated with both monotonic and cyclic loading have been major impediments. 
In the current study, the electrochemical behaviors of Zr-, Ti-, and Ca-based 
BMGs have been studied in various environments.  Moreover, the electrochemical 
behaviors of several common, crystalline materials have also been characterized in the 
same environments to facilitate comparisons.  In general, the Zr- and Ti-based BMG 
alloys demonstrated relatively good general corrosion resistance in all of the 
environments.  Mean corrosion penetration rates (CPRs) were found to be less than 30 
µm/year for these alloys.  On the other hand, the Ca-based BMG alloys were found to be 
highly active with CPRs ranging from 300 – 5700 µm/year in a non-aggressive 0.05 M 
Na2SO4 electrolyte.  Furthermore, most of these alloys were found to be susceptible to 
localized corrosion in these environments.  However, the Zr- and Ti-based BMG alloys 
exhibited relatively high, positive values for both pitting overpotentials (ηpit) and 
protection overpotentials (ηpp). 
The Zr-based BMG commonly known as Vitreloy 105 (Vit 105) was selected for 
further studies.  This material was fabricated at the Oak Ridge National Laboratory by 
arc-melting and drop-casting into a water-cooled, copper mold.  Mechanical 
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characterization of this alloy was conducted through four-point bend fatigue testing, as 
well as tensile testing with in situ thermography. 
Fatigue testing in air revealed that both the fatigue lives at various stresses and the 
fatigue endurance limit are similar to those reported for this material in uniaxial fatigue.  
This result alone demonstrates that the great differences in fatigue results reported in the 
literature are not due to differences in testing geometry.  In fact, the larger scatter 
observed in four-point bend fatigue at a given stress range was found to be due to 
variations in material quality.  Thus, material quality is believed to be the primary reason 
for the great differences in fatigue behavior of various BMG alloys that have been 
reported in the literature since 1995. 
After the electrochemical and mechanical behaviors of the Vit 105 BMG alloy 
were defined separately, the corrosion-fatigue behavior of this alloy was studied.  
Corrosion-fatigue tests were conducted under identical conditions as those utilized during 
fatigue testing in air.  However, in this case, the environment was a 0.6 M NaCl 
electrolyte, identical to one of the environments in which the electrochemical behavior 
was previously defined.  The environmental effect was found to be significant at most 
stress levels, with decreasing effects at higher stress levels due to decreasing time in the 
detrimental environment.  Furthermore, the corrosion-fatigue endurance limit was found 
to be severely depressed to a stress range of less than 400 MPa.  Again, the variation in 
the corrosion-fatigue data at a given stress range was found to be primarily dependent 
upon material quality.  In addition, the crack-initiation locations were observed to shift 
from the inner span, in air, to the outer loading pins in the 0.6 M NaCl electrolyte.  This 
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shift in initiation locations was due to wear at the outer pins that removed the passive 
layer, which promoted pitting and crack initiation. 
Cyclic-anodic-polarization tests were conducted during cyclic loading to elucidate 
the effect of cyclic stresses on the electrochemical behavior.  It was found that a stress 
range of 900 MPa resulted in active pitting at the open-circuit potentials.  Thus, ηpit had 
shifted from high, positive values in the static condition to low, negative values under 
cyclic loading.  Next, the degradation mechanism was examined by anodic and cathodic 
polarization.  While cathodic polarization extended the fatigue life, anodic polarization 
severely degraded the fatigue life.  Based upon these dramatic shifts in the fatigue lives at 
900 MPa, it was concluded that the degradation mechanism is stress-assisted dissolution, 
not hydrogen embrittlement. 
Finally, tensile tests were conducted with the Vit 105 BMG alloy with in situ 
infrared (IR) thermography to observe the evolution of shear bands during deformation.  
More importantly, the length, location, sequence, temperature evolution, and velocity of 
individual shear bands have been quantified through the use of IR thermography.  This 
study revealed that multiple shear bands can initiate, propagate, and arrest within the 
sample during a single tensile test, contrary to popular belief.  After arrest, many shear 
bands were reactivated at a later time and higher stress and propagated before arresting 
again.  The velocity of shear band propagation was estimated to be a minimum of 1 m/s.  
The temperature profiles along the axis of shear band propagation were found to 
continually decrease from the point of initiation to the point of arrest.  This gradual 
decrease in the temperature as the shear band propagates suggests that arrest occurs 
because the driving mechanism slowly decreases until it is exhausted.  A maximum 
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temperature increase of approximately 2.6°C was observed in association with the 
propagation of shear bands.  However, this temperature change is likely an underestimate 
of the actual increase in temperature generated by the shear band due to the limited 
temporal and spatial resolution of the IR camera and rapid heat conduction in the sample.  
Finally, the maximum temperature of a shear band has been shown to be the best 
predictor of the shear band length out of all of the parameters examined in this study.  
Based upon this correlation, it can be concluded that the final failure must have occurred 
when a critical shear-band temperature was attained in one or more of the shear bands, 
preventing the arrest of the shear band before it attained a critical length. 
In conclusion, both the electrochemical and mechanical behaviors of various 
BMGs have been clarified.  In addition, the interactions between corrosion and fatigue 
have been elucidated.  Based upon all of these studies on a variety of BMG alloy systems, 
it is obvious that these materials are extremely sensitive to both material quality and 
surface defects.  Therefore, future research on the improvement of BMG alloys should be 
focused on these areas. 
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Table 1. Bulk metallic glass alloy systems with the calendar years when the first paper 
or patent was published.  (Adapted from [214] with permission from 
Elsevier.) 
 
BMG Composition Year 
Mg–Ln–M (Ln = lanthanide metal; M = Ni, Cu, Zn) 1988 
Ln–Al–TM (TM = Fe, Co, Ni, Cu) 1989 
Ln–Ga–TM 1989 
Zr–Al–TM 1990 
Ti–Zr–TM 1993 
Zr–Ti–TM–Be 1993 
Zr–(Ti, Nb,Pd)–Al–TM 1995 
Fe–(Al, Ga)–(P, C, B, Si, Ge) 1995 
Fe–(Nb, Mo)–(Al, Ga)–(P, B, Si) 1995 
Pd–Cu–Ni–P 1996 
Pd–Ni–Fe–P 1996 
Co–(Al, Ga)–(P, B, Si) 1996 
Fe–(Zr, Hf, Nb)–B 1996 
Co–(Zr, Hf, Nb)–B 1996 
Ni–(Zr, Hf, Nb)–B 1996 
Pd–Cu–B–Si 1997 
Ti–Ni–Cu–Sn 1998 
Fe–Co–Ln–B 1998 
Fe–Ga–(Cr, Mo)–(P, C, B) 1998 
Fe–(Nb, Cr, Mo)–(C, B) 1999 
Ni–(Nb, Cr, Mo)–(P, B) 1999 
Co–Ta–B 1999 
Fe–Ga–(P, B) 2000 
Ni–Zr–Ti–Sn–Si 2001 
Cu–(Zr, Hf)–Ti 2001 
Cu–(Zr, Hf)–Ti–(Y, Be) 2001 
Cu–(Zr, Hf)–Ti–(Fe, Co, Ni) 2002 
Ni–(Nb, Ta)–Zr–Ti 2002 
Fe–Si–B–Nb 2002 
Co–Fe–Si–B–Nb 2002 
Ca–Mg–Ag–Cu 2002 
Ca–Mg–Cu 2002 
Ni–Si–B–Ta 2002 
Y–Al–Ni 2004 
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Table 2. Comparison of pertinent properties of a bulk metallic glass (BMG) with those of bone and common biomaterials.  
(Reprinted from [169] with permission from John Wiley & Sons.) 
 
 Cortical Bone CoCrMo Ti-6Al-4V 316L SS BMG (Vit 105) 
Tensile Yield Strength (MPa) 130 - 150 450 - 1030 760 - 1050 190 - 690 1900 
Elastic Strain Limit (%) 1 0.18 .67 .34 2.0-2.2 
Plastic Strain to Failure (%) 2 8 - 28 8 - 15 12 - 40 <1 
Young’s Modulus (GPa) 3 - 50 210 - 255 101 - 125 193 - 210 90 
Hardness (Vickers) 63 - 75 345 - 390 320 365 590 
Toughness (MPa m0.5) 3.2 - 8.0 -- 65 - 92 100 55 - 60 
Fatigue Limit at 107 cycles (MPa) 20 - 60 207 - 970 598 - 816 200 - 800 910 
Density (g/cm3) 0.7 – 1.85 8.3 4.4 7.9 5.9 
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Table 3. Fatigue endurance limits and fatigue ratios based on the stress ranges of high-strength alloys, Zr-based BMGs and pure 
zirconium.  (Reprinted from [20] with permission from Elsevier.) 
 
Material 
Yield 
Strength 
(MPa) 
Ultimate Tensile 
Strength (MPa) 
Fatigue-
Endurance Limit 
(MPa) 
Fatigue 
Ratio 
Zr50Cu40Al10 [20] 1821 1821 752 0.413 
Zr50Cu30Al10Ni10 [20] 1900 1900 865 0.455 
Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit 105) [18] 1700 1700 907 0.534 
Zr41.2Ti13.8Cu12.5Ni10Be22.5 (LM-001 or Vit 1) [95] 1900 1900 152 0.080 
300 M Steel [97] 1670 2000 800 0.400 
Ti-6Al-4V [97] 885 1035 515 0.498 
2090-T81 Al-Li Alloy [215] 483 517 250 0.484 
Zirconium (Grade 702) [215] 310 430 145 0.337 
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Table 4. Summary of cytotoxicology studies of metal salts from the literature [129, 
134, 135, 216-221].   The metal ions were ranked from most to least toxic, in 
terms of the IC50 values for each cell line and bioassay.  These ranks were 
then divided by the total number of metal ions evaluated within each study to 
produce a normalized rank.  These normalized ranks were averaged to 
produce a mean normalized rank for each metal ion.  In other words, the 
normalized ranks range from 0.0 to 1.0, with increasing values denoting 
decreasing cytotoxicity.  The metal ions have been ranked from most toxic to 
least toxic. 
 
Metal 
Ion 
Mean 
Normalized 
Rank 
 
Metal 
Ion 
Mean 
Normalized 
Rank 
Cr6+ 0.14  Sn4+ 0.61 
Cd2+ 0.15  Mn2+ 0.62 
Hg2+ 0.17  Ge4+ 0.64 
Ag+ 0.18  Be2+ 0.66 
V3+ 0.22  In3+ 0.67 
Hg+ 0.23  Ti4+ 0.68 
Tl3+ 0.28  Hf4+ 0.71 
Ir4+ 0.34  Pd2+ 0.73 
Sb3+ 0.35  Cs+ 0.76 
Zn2+ 0.38  Cr3+ 0.76 
Pt4+ 0.42  Fe3+ 0.79 
Bi3+ 0.43  Fe2+ 0.80 
Rh3+ 0.44  Pb2+ 0.81 
V5+ 0.45  Sn2+ 0.82 
Au3+ 0.45  Zr4+ 0.83 
Tl+ 0.48  Ru3+ 0.83 
Co2+ 0.48  Ta5+ 0.83 
Cu+ 0.49  Mo5+ 0.83 
Cu2+ 0.53  Sr2+ 0.86 
Y3+ 0.53  Cr2+ 0.88 
Nb5+ 0.54  Rb+ 0.90 
Ga3+ 0.57  Al3+ 0.94 
W6+ 0.59  Ba2+ 0.95 
Ni2+ 0.60  Li+ 0.99 
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Table 5. Composition of the phosphate-buffered saline (PBS) electrolyte. 
 
 
 NaCl KCl Na2HPO4 KH2PO4 
Concentration (g / L H2O) 8.01 0.20 1.15 0.20 
Concentration (mol / L H2O) 1.37 x 10-1 2.68 x 10-3 8.10 x 10-3 1.47 x 10-3 
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Table 6. Glass transition, Tg, crystallization, Tx, solidus, Tm, and liquidus, Tl, temperatures, heat of crystallization, ∆Hx, and heat of 
fusion, ∆Hm, as well as a reduced glass transition temperature, Trg=Tg/Tl, for Ca65Mg15Zn20, Ca55Mg18Zn11Cu16, and 
Ca50Mg20Cu30 alloys, as obtained from DSC at a heating rate of 20 K/min. 
 
 
Materials Tg (K) Tx (K) Tm (K) Tl (K) ∆Hx (J/g) ∆Hm (J.g) Trg 
Ca65Mg15Zn20 364 400 608 621 128 147 0.586 
Ca55Mg18Zn11Cu16 391 432 597 610 110 165 0.641 
Ca50Mg20Cu30 399 433 628 688 138 184 0.580 
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Table 7. The mean corrosion parameters as determined from the cyclic-anodic polarization tests. The error ranges are 95% 
confidence intervals.  All potentials are in reference to the saturated calomel electrode (SCE). 
 
Materials 
 
Electrolyte Ecorr (mV) Epit (mV) Epp (mV) 
 
ηpit (mV) ηpp (mV) 
CPR 
(µm/year) 
Ca65Mg15Zn20 0.05 Na2SO4 -1535 ± 31 --b --b --b --b 5691 ± 1046 
Ca55Mg18Zn11Cu16 
0.05 Na2SO4 -479 ± 320  -352 ± 340  -936 ± 256 128 ± 41 -457 ± 329 311 ± 184  
Ca50Mg20Cu30 0.05 Na2SO4 -1165 ± 17 --a --a --a --a 1503 ± 435 
Mg97.6Zn2.2Zr0.2 (ZK60) 0.05 Na2SO4 -1501 ± 82 --a --a --a --a 425 ± 321 
Vit 1 0.6 M NaCl -250 ± 44 -152 ± 26 -222 ± 5 98 ± 70 28 ± 44 2.8 ± 2.0 
Vit 105 0.6 M NaCl -264 ± 30 324 ± 399 -188 ± 66 603 ± 409 91 ± 64 29.3 ± 33.5 
316L SS 0.6 M NaCl -133 ± 27   264 ± 55  -135 ± 29 397 ± 63 -2 ± 39 4.2 ± 7.0 
CoCrMo 0.6 M NaCl -186 ± 41  --a --a --a --a 0.5 ± 0.3 
Zircaloy 0.6 M NaCl -397 ± 95 258 ± 134 28 ± 46 661 ± 222 440 ± 52 0.6 ± 0.5 
Vit 1 PBS -391 ± 105 19 ± 119 -207 ± 11 410 ± 209 184 ± 94 1.0 ± 0.6 
Vit 105 PBS -405 ± 35 69 ± 53 -180 ± 11 474 ± 73 225 ± 38 0.8 ± 0.4 
LM-010 PBS -372 ± 62 217 ± 17 38 ±32 589 ± 57 411 ± 70 2.9 ± 2.6 
316L SS PBS -221 ± 7 310 ± 75 -74 ± 19 531 ± 75 147 ± 18 1.5 ± 0.4 
Ti-6Al-4V PBS -435 ± 44 --a --a --a --a 0.3 ± 0.2 
CoCrMo PBS -444 ± 135 --a --a --a --a 0.3 ± 0.2  
a. no localized corrosion occurred; b. Active pitting at Ecorr  
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Table 8. Relevant corrosion parameters from this study and other reports in the literature.  A majority of the values from the 
literature (particularly the CPR values) were estimated from the reported data.  Error ranges signify 95% confidence 
intervals.  All compositions are presented in atomic percent. 
Authors Material 
Minimum 
Dimension 
(mm) T (°C) Electrolyte 
Mean 
ηpita (mV) 
Mean 
ηppb (mV) 
Mean CPRc 
(µm/year) 
Morrison et al. [24] Zr41.2Ti13.8Ni10Cu12.5Be22.5 (Vit 1) 2 22 0.6 M NaCl 97 ±70 26 ± 44 2.5 ± 2.0 
Morrison et al. [24] Zr41.2Ti13.8Ni10Cu12.5Be22.5 (Vit 1) 2 37 0.6 M NaCl 142 ± 73 68 ± 72 1.3 ± 1.7 
Morrison et al. [165] 316L Stainless Steel NA 22 0.6 M NaCl 401 ± 61 15 ± 48 4.2 ± 7.0 
Morrison et al. [165]  Ti-6Al-4V NA 22 0.6 M NaCl --d --d  
Morrison et al. [165] CoCrMo NA 22 0.6 M NaCl --d --d 0.5 ± 0.3 
Morrison et al. [165] Zircaloy NA 22 0.6 M NaCl 661 ± 222 440 ± 52 0.6 ± 0.5 
Morrison et al. [165]  Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit 105) 6.5 22 0.6 M NaCl 603 ± 409 91 ± 64 29.3 ± 33.5 
Chieh et al. [168] Zr52.5Cu17.9Ni14.6Al10Ti (Vit 105) 7 22 0.6 M NaCl 360 --e 1.5 
Chieh et al. [168] 304 Stainless Steel NA 22 0.6 M NaCl 490 --e 1.2 
Peter et al. [21] Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit 105) 6.5 22 0.6 M NaCl 300 20 1.3 
Wang et al. [222] Zr55Al10Cu30Ni5 2 22 0.6 M NaCl 200 – 300 --e --e 
Qin et al. [223] Zr55Al10Cu30Ni5 2 25 0.6 M NaCl 180 --e --e 
Qin et al. [223] Zr55Al10Cu30Ni4Pd1 2 25 0.6 M NaCl 70 --e --e 
Qin et al. [223] Zr55Al10Cu30Ni2Pd3 2 25 0.6 M NaCl 55 --e --e 
Qin et al. [223] Zr55Al10Cu30Pd5 2 25 0.6 M NaCl 50 --e --e 
Qin et al. [224] Zr55Al10Cu30Ni5 2 25 0.6 M NaCl 175 --e --e 
Qin et al. [224] Zr55Al10Cu30Pd5 2 25 0.6 M NaCl 45 --e --e 
Schroeder et al. [71] Zr41.2Ti13.8Ni10Cu12.5Be22.5 (Vit 1) 7 22 0.5 M NaCl 207 --e --e 
Pang et al. [225] Zr55Al20Co25 2.5 25 0.5 M NaCl 500 --e --e 
Pang et al. [225] Zr55Al17.5Co25Nb2.5 2.5 25 0.5 M NaCl 535 --e --e 
Pang et al. [225] Zr55Al15Co25Nb5 2.5 25 0.5 M NaCl 840 --e --e 
Pang et al. [75] Zr60Al10Ni10Cu20 MSf 25 0.5 M NaCl >135 --e 2 
Pang et al. [75] Zr55Al10Ni10Cu20Nb5 MSf 25 0.5 M NaCl >200 --e 0.5 
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Table 8. Continued. 
 
Authors Material 
Minimum 
Dimension 
(mm) T (°C) Electrolyte 
Mean 
ηpita (mV) 
Mean 
ηppb (mV) 
Mean CPRc 
(µm/year) 
Pang et al. [75] Zr50Al10Ni10Cu20Nb10 MSf 25 0.5 M NaCl >150 --e --e 
Pang et al. [75] Zr45Al10Ni10Cu20Nb15 MSf 25 0.5 M NaCl >120 --e 0.4 
Pang et al. [75] Zr40Al10Ni10Cu20Nb20 MSf 25 0.5 M NaCl >240 --e 0.3 
He et al. [73] Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit 105) 2 22 0.5 M NaCl 225 --e --e 
Qin et al. [226] Cu58.2Zr29.1Ti9.7Nb3 1.5 25 0.5 M NaCl --e --e 30 
Qin et al. [226] Cu57.6Zr28.8Ti9.6Nb4 1.5 25 0.5 M NaCl --e --e 20 
Qin et al. [226] Cu57Zr28.5Ti9.5Nb5 1.5 25 0.5 M NaCl --e --e 17 
Qin et al. [226] Cu60Zr30Ti10 1.5 25 0.5 M NaCl --e --e 290 
Qin et al. [226] Cu59.4Zr29.7Ti9.9Nb1 1.5 25 0.5 M NaCl --e --e 120 
Qin et al. [226] Cu58.8Zr29.4Ti9.8Nb2 1.5 25 0.5 M NaCl --e --e 80 
Qin et al. [227] Cu60Hf25Ti15 1.5 25 0.5 M NaCl --e --e 100 
Qin et al. [227] Cu58.8Hf24.5Ti14.7Mo2 1.5 25 0.5 M NaCl 75 --e 1 
Qin et al. [227] Cu58.8Hf24.5Ti14.7Ta2 1.5 25 0.5 M NaCl 70 --e 1 
Qin et al. [227] Cu58.8Hf24.5Ti14.7Nb2 1.5 25 0.5 M NaCl 65 --e 1 
Qin et al. [228] Cu55Zr40Al5 1.5 25 0.5 M NaCl --e --e 200 
Qin et al. [228] Cu50Zr45Al5 1.5 25 0.5 M NaCl --e --e 120 
Qin et al. [228] Cu50Zr40Al5Nb5 1.5 25 0.5 M NaCl --e --e 10 
Yamamoto et al. [229] Cu55.8Zr27.9Ti9.3Ni7 1.5 25 0.5 M NaCl --e --e 7 
Yamamoto et al. [229] Cu57Zr28.5Ti9.5Nb5 1.5 25 0.5 M NaCl --e --e 18 
Asami et al. [230] Cu60Zr30Ti10 1.5 25 0.5 M NaCl --e --e 290 
Asami et al. [230] Cu59.4Zr29.7Ti9.9Nb1 1.5 25 0.5 M NaCl --e --e 120 
Asami et al. [230] Cu59.4Zr29.7Ti9.9Mo1 1.5 25 0.5 M NaCl --e --e 140 
Asami et al. [230] Cu58.8Zr29.4Ti9.8Ta2 1.5 25 0.5 M NaCl --e --e 200 
Raju et al. [74] Zr60Cu20Al10Ni8Nb2 3 22 0.01 M NaCl 420 --e --e 
Raju et al. [74] Zr59Cu20Al10Ni8Nb3 3 22 0.01 M NaCl 620 --e --e 
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Table 8. Continued. 
 
Authors Material 
Minimum 
Dimension 
(mm) T (°C) Electrolyte 
Mean 
ηpita (mV) 
Mean 
ηppb (mV) 
Mean CPRc 
(µm/year) 
Raju et al. [74] Zr57Cu15.4Al10Ni12.6Nb5 3 22 0.01 M NaCl 730 --e --e 
Raju et al. [74] Zr59Cu20Al10Ni8Ti3 3 22 0.01 M NaCl 640 --e --e 
Raju et al. [74] Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit 105) 3 22 0.01 M NaCl 505 --e --e 
Morrison et al. Ti43.3Zr21.7Ni7.5Be27.5 (LM-010) 2 37 Deaerated PBS g 589 ± 57 411 ± 70 2.9 ± 2.6 
Morrison et al. [24] Zr41.2Ti13.8Ni10Cu12.5Be22.5 (Vit 1) 2 22 Deaerated PBS 
g 478 ± 348 215 ± 69 0.8 ± 0.7 
Morrison et al. [24] Zr41.2Ti13.8Ni10Cu12.5Be22.5 (Vit 1) 2 37 Deaerated PBS 
g 410 ± 209 184 ± 94 1.0 ± 0.6 
Hiromoto et al. [22] Zr65Al7.5Ni10Cu17.5 MSf 37 Deaerated PBS 
g 850 --e --e 
Hiromoto et al. [77] Zr65Al7.5Ni10Cu17.5 MSf 37 Deaerated PBS 
g 630 --e --e 
Hiromoto et al. [78] Zr65Al7.5Ni10Cu17.5 MSf 37 Deaerated PBS 
g 800 --e 0.001 
Kuroda et al. [180] 316L Stainless Steel NA 37 Deaerated PBS g 575 --e --e 
Morrison et al. [169] Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit 105) 6.5 37 Deaerated PBS 
g 474 ± 73 225 ± 38 0.8 ± 0.4 
Morrison et al. [169] 316L Stainless Steel NA 37 Deaerated PBS g 531 ± 75 147 ± 18 1.5 ± 0.4 
Morrison et al. [169] CoCrMo NA 37 Deaerated PBS g --d --d 0.3 ± 0.2 
Morrison et al. [169] Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit 105) 6.5 37 Deaerated PBS 
g 474 ± 73 225 ± 38 0.8 ± 0.4 
Morrison et al. [169] 316L Stainless Steel NA 37 Deaerated PBS g 531 ± 75 147 ± 18 1.5 ± 0.4 
Morrison et al. [169] CoCrMo NA 37 Deaerated PBS g --d --d 0.3 ± 0.2 
Morrison et al. [169] Ti-6Al-4V NA 37 Deaerated PBS g --d --d 0.3 ± 0.2 
Pan et al.[175] 316LVM Stainless Steel NA 25 Deaerated PBS g 835 315 --e 
Hiromoto et al. [231] Zr65Al7.5Ni10Cu17.5 2 22 
Deaerated 
Hanks’ Solution 400 – 810 --
e --e 
Hiromoto et al. [231] Zr65Al7.5Ni10Cu17.5 2.5 22 
Deaerated 
Hanks’ Solution 370 – 460 --
e --e 
Hiromoto et al. [23] Zr65Al7.5Ni10Cu17.5 3 37 
Deaerated 
Hanks’ Solution 410 – 730 --
e 0.03 – 0.13 
Hiromoto et al. [23] Zr65Al7.5Ni10Cu17.5 3 37 
Deaerated MEM 
h 310 – 570 --
e 0.004 – 0.08 
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Table 8. Continued. 
 
Authors Material 
Minimum 
Dimension 
(mm) T (°C) Electrolyte 
Mean 
ηpita (mV) 
Mean 
ηppb (mV) 
Mean CPRc 
(µm/year) 
Hiromoto et al. [23] Zr65Al7.5Ni10Cu17.5 3 37 
Deaerated 
MEM + FBS i 530 – 550 --
e 0.005 – 0.09 
Morrison et al. [232] Ca65Mg15Zn20 3 22 0.05 M Na2SO4 --
j --j 5691 ± 1046 
Morrison et al. [232] Ca55Mg18Zn11Cu16 3 22 0.05 M Na2SO4 128 ± 41 -457 ± 329 311 ± 184  
Morrison et al. [232] Ca50Mg20Cu30 3 22 0.05 M Na2SO4 --
d --d 1503 ± 435 
Morrison et al. [232] Mg97.6Zn2.2Zr0.2 (ZK60) NA 22 0.05 M Na2SO4 --
d --d 425 ± 321 
Peter et al. [21] Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit 105) 6.5 22 0.05 M Na2SO4 --d --d 0.4 
Szewieczek et al. [166] Fe73.5Si13.5B9Nb9Cu1f   0.5 M Na2SO4 --d --d 927 
Raju et al. [74] Zr60Cu20Al10Ni8Nb2 3 22 0.1 M Na2SO4 --
d --d ~1 
Raju et al. [74] Zr59Cu20Al10Ni8Nb3 3 22 0.1 M Na2SO4 --
d --d ~1 
Raju et al. [74] Zr57Cu15.4Al10Ni12.6Nb5 3 22 0.1 M Na2SO4 --
d --d ~1 
Raju et al. [74] Zr59Cu20Al10Ni8Ti3 3 22 0.1 M Na2SO4 --
d --d ~1 
Raju et al. [74] Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit 105) 3 22 0.1 M Na2SO4 --
d --d ~1 
Baril and Pebere [167] Pure Mg NA  0.1 M Na2SO4 --d --d ~1000 
Baril and Pebere [167] Pure Mg NA  0.01 M Na2SO4 --d --d ~1000 
a. Pitting overpotential (Epit – Ecorr);  b. Protection overpotential (Epp – Ecorr);  c. Corrosion penetration rate; d. No pitting observed; e. Not investigated / 
reported; f. Melt-spun ribbons; g. Phosphate-buffered saline; h. Eagle’s minimum essential medium; i. Eagle’s minimum essential medium + fetal bovine 
serum; j. Active at Ecorr 
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Table 9. Results from the ANOVA and Tukey post-hoc tests.  Within each parameter derived from the electrochemical tests, 
materials not connected by the same letter are significantly different.  No pitting was observed on the Ti-6Al-4V or the 
CoCrMo samples.  (Reprinted from [169] with permission from John Wiley & Sons.) 
 
 
 
 
 
 
 
 
Materials Ecorr Epit Epp Epit – Ecorr Epp – Ecorr CPR 
Vit 105 BMG  B  B  B A   B A B  
316L SS A  A  A  A  A    C 
Ti-6Al-4V  B         A   
CoCrMo  B         A   
Vit 1[24]  B  B  B A  A B  B C 
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Table 10. The nominal composition of the Vit 105 BMG alloy and the mean elemental compositions as measured by energy-
dispersive spectroscopy (EDS).  The error ranges are 95% confidence intervals.  All compositions are given in atomic 
percent (at.%). 
  
Element 
Nominal 
Composition 
Amorphous 
Matrix Pits 
Zr 52.5 53.6 ± 0.7 11.8 ± 6.3 
Cu 17.9 16.8 ± 0.5 78.7 ± 8.9 
Ni 14.6 15.2 ± 0.3 6.3 ± 1.4 
Al 10.0 9.9 ± 0.5 2.3 ± 1.2 
Ti 5.0 4.5 ± 0.4 1.1 ± 0.5 
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Table 11. Summary of shear-band parameters derived from analyses of the IR data. 
 
Parameter Mean ± 95% CIs* Median Maximum Minimum
Length (mm) 0.50 ± 0.06 0.50 1.01 0.22 
Width (mm) 0.42 ± 0.03 0.43 0.72 0.14 
Tmax (°C) 20.71 ± 0.21 20.69 22.30 19.92 
∆Tmax (°C) 0.91 ± 0.19 0.91 2.58 0.20 
Tavg (°C) 20.20 ± 0.14 20.15 21.26 19.66 
∆Tavg (°C) 0.53 ± 0.11 0.51 1.39 0.09 
* 95% confidence intervals (CIs) 
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Figure 1. Schematic drawing of gun quenching device used by Duwez et al. for glass 
formation experiments. (Reprinted from [30] with permission from ASM 
International.) 
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Figure 2. Schematic drawing of the piston and anvil device used by Duwez et al. and 
Miroshnickenko and Salli for rapid solidification of liquid metal drops. A, 
anvil; B, piston; C, chassis; D, crucible containing the sample droplet; E, 
heating element; F, latch to release piston; G, light source; H, photocell and 
timing circuits; I, pneumatic piston system; and J, pneumatic cushion for 
anvil. (Reprinted from [30] with permission from ASM International.) 
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Figure 3. Time-temperature-transformation (TTT) diagram demonstrating decrease in 
critical cooling rate (Rc), from a to c, necessary for glass formation. 
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Figure 4. Relationship among the reduced glass transition temperature (Tr = Tg / Tm), 
the critical cooling rate for glass formation (Rc), and the maximum sample 
thickness for glass formation (dmax).  (Reprinted from [233] with permission 
from Elsevier.) 
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Figure 5. Relationship between Young’s modulus and tensile strength for bulk metallic 
glasses and conventional, crystalline alloys.  The data for the Fe-based 
BMGs is based on compression tests.  (Reprinted from [214] with permission 
from Elsevier.) 
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(a) 
 
(b) 
Figure 6.  Data demonstrating superplasticity in the Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%) 
BMG alloy, also known as Vitreloy 105 (Vit 105), (a) Samples fractured at 
different temperatures at strain rates of 10-2 s-1, and (b) stress-strain curves of 
Vit 105 at temperatures near the supercooled liquid region.  (Reprinted from 
[82] with permission from Elsevier.) 
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Figure 7. Stress-range / fatigue-life data of notched Vit 105 specimens tested in air compared with the fatigue endurance limits (σL) 
of the Vit 1 BMG and crystalline, high-strength alloys.  (Reprinted from [18] with permission from Elsevier.) 
 140
 
 
Figure 8. Fatigue crack-growth rates plotted as a function of the stress intensity range (∆K) for the Vit 1 BMG alloy (R = 1, ν = 25 
Hz).  (Reprinted from [9] with permission from Elsevier.) 
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Figure 9. Fatigue crack-growth rates plotted as a function of stress intensity range (∆K) in air, de-ionized water, and 0.5 M NaCl for 
the Vit 1 BMG alloy (R = 1, ν = 25 Hz).  (Reprinted from [104] with permission from Elsevier.) 
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Figure 10. Fatigue crack-growth rates at constant ∆K = 1.5 MPa m0.5 plotted as a function of potential in 0.5 M NaCl.  Each 
potential was held for 300 – 500 µm of crack growth.  (Reprinted from [104] with permission from Elsevier.) 
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Figure 11. Fatigue crack-growth rates plotted as a function of stress intensity range (∆K) in air and 0.5 M NaCl for the Vit 1 BMG 
alloy (R = 1, ν = 25 Hz).  The experimental data is compared to the growth rates predicted by the stress-corrosion 
cracking (SCC) model in Equation 4.  (Reprinted from [104] with permission from Elsevier.) 
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Figure 12. S-N curves of the Zr65Cu15Ni10Al10 (at.%) BMG alloy (consolidated powder) in dry air at ambient temperature (R = 0.1, ν 
= 20 Hz) and a phosphate-buffered saline (PBS) electrolyte at 37°C with a pH of 7.5 (R = 0.1, ν = 2 Hz).  (Reprinted from 
[106] with permission from Elsevier.) 
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Figure 13. An example of a cyclic-anodic polarization curve in which the down-scan crossed the up-scan at an artificially low 
potential because the anodic curve and open-circuit corrosion current density (icorr) shifted to higher potentials and current 
densities, respectively, on the down-scan (after pitting).  The traditional criterion for the definition of the protection 
potential, denoted as Epp(A), is contrasted with the modified criterion, denoted as Epp(B), proposed in the current study.  
Epit represents the potential at which pitting occurs.  (Reprinted from [169] with permission from John Wiley & Sons.) 
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Figure 14. X-ray diffraction patterns of powdered samples extracted from 4-mm thick cast plates of Ca65Mg15Zn20, 
Ca50Mg20Cu30, and Ca55Mg18Zn11Cu16 alloys indicating fully amorphous state of the plates. 
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Figure 15. DSC thermograms of the (a) Ca65Mg15Zn20, (b) Ca55Mg18 Zn11Cu16 and (c) 
Ca50Mg20Cu30 glassy alloys.  The exothermic reactions are positive.  The 
heating rate was 20 K/min.  Locations of the characteristic temperatures (Tg, 
Tx, Tm and Tl) are indicated by arrows. 
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Figure 16. The average cyclic-anodic-polarization curves for the Ca65Mg15Zn20, Ca55Mg18Zn11Cu16, Ca50Mg20Cu30 BMG alloys, and 
the crystalline, Mg-based ZK60 alloy (Mg97.6Zn2.2Zr0.2).  All compositions are presented in atomic percent. 
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Figure 17. The mean corrosion penetration rates (CPRs) for the Ca65Mg15Zn20, 
Ca55Mg18Zn11Cu16, Ca50Mg20Cu30 BMG alloys, and the crystalline, Mg-based 
ZK60 alloy (Mg97.6Zn2.2Zr0.2).  All compositions are presented in atomic 
percent.  The open-circle represents the mean CPR for each material, while 
the dashed line inside the box represents the median.  The whiskers represent 
the lower and upper inner fences. 
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Figure 18. The open-circuit corrosion potentials (Ecorr) derived from the cyclic-anodic-
polarization tests of the Ca65Mg15Zn20, Ca55Mg18Zn11Cu16, Ca50Mg20Cu30 
BMG alloys, and the crystalline, Mg-based ZK60 alloy (Mg97.6Zn2.2Zr0.2).  
All compositions are presented in atomic percent.  The open-circle represents 
the mean Ecorr for each material, while the dashed line inside the box 
represents the median.  The whiskers represent the lower and upper inner 
fences. 
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Figure 19. The localized corrosion parameters derived from the cyclic-anodic-
polarization tests of the Ca55Mg18Zn11Cu16 (at.%) BMG alloy.  All of the 
other materials that were evaluated did not exhibit localized corrosion.  The 
open-circle represents the mean parameter, the dashed line inside the box 
represents the median, and the whiskers represent the lower and upper inner 
fences.  The pitting potential (Epit) and protection potential (Epp) are in 
reference to the saturated calomel electrode (SCE).  The overpotentials at Epit 
and Epp are designated ηpit and ηpp, respectively. 
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(a) 
 
(b) 
 
(c) 
Figure 20. SEM photomicrographs of the (a) Ca65Mg15Zn20, (b) Ca55Mg18Zn11Cu16, and 
(c) Ca50Mg20Cu30 BMG alloys after cyclic-anodic-polarization tests in 0.05 
M Na2SO4.  All compositions are presented in atomic percent (at.%). 
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Figure 21. SEM photomicrographs of the crystalline, Mg-based ZK60 alloy 
(Mg97.6Zn2.2Zr0.2) after cyclic-anodic-polarization tests in 0.05 M Na2SO4. 
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Figure 22. A representative X-ray diffraction spectrum of the Vitreloy 1 BMG [Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)] corrosion samples.  
All spectra demonstrated broad, diffuse peaks characteristic of amorphous alloys. 
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Figure 23. The average cyclic-anodic-polarization curves for the Vitreloy 1 BMG [Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)] in an aerated 
0.6 M NaCl electrolyte at 22ºC and 37°C, and in a phosphate-buffered saline (PBS) electrolyte, at 22ºC and 37°C, with a 
physiologically-relevant dissolved oxygen content. 
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Figure 24. Corrosion parameters derived from the cyclic-anodic-polarization tests of the Vitreloy 1 BMG [Zr41.2Ti13.8Ni10Cu12.5Be22.5 
(at.%)] in an aerated 0.6 M NaCl electrolyte at 22ºC and 37ºC, and in a phosphate-buffered saline (PBS) electrolyte with a 
physiologically-relevant dissolved oxygen content at 22ºC and 37°C.  Error bars represent 90% confidence intervals.  
(Reprinted from [24] with permission from Elsevier.) 
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Figure 25. A representative x-ray diffraction spectrum of the LM-010 BMG [Ti43.3Zr21.7Ni7.5Be27.5 (at.%)] corrosion samples.  All 
spectra demonstrated broad, diffuse peaks characteristic of amorphous alloys. 
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Figure 26. The average cyclic-anodic-polarization curves for the Vit 105 BMG [Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L 
stainless steel [Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], Ti-6Al-4V [Ti86.2Al10.2V3.6 (at.%), ASTM F136], CoCrMo 
[Co61.4Cr30.9Mo3.6 (at.%), ASTM F799], Vit 1 BMG [Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)], and LM-010 BMG 
[Ti43.3Zr21.7Ni7.5Be27.5 (at.%)] alloys in the PBS electrolyte at 37°C. 
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Figure 27. The corrosion penetration rates (CPRs) for the Vit 105 BMG 
[Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], Ti-6Al-4V [Ti86.2Al10.2V3.6 (at.%), 
ASTM F136], CoCrMo [Co61.4Cr30.9Mo3.6 (at.%), ASTM F799], Vit 1 BMG 
[Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)], and LM-010 BMG [Ti43.3Zr21.7Ni7.5Be27.5 
(at.%)] alloys in the PBS electrolyte at 37°C.  The open-circle represents the 
mean CPR for each material, while the dashed line inside the box represents 
the median.  The whiskers represent the lower and upper inner fences, and 
asterisks designate outliers. 
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Figure 28. The corrosion potentials (Ecorr) for the Vit 105 BMG 
[Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], Ti-6Al-4V [Ti86.2Al10.2V3.6 (at.%), 
ASTM F136], CoCrMo [Co61.4Cr30.9Mo3.6 (at.%), ASTM F799], Vit 1 
BMG [Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)], and LM-010 BMG 
[Ti43.3Zr21.7Ni7.5Be27.5 (at.%)] alloys in the PBS electrolyte at 37°C.  The 
open-circle represents the mean Ecorr for each material, while the dashed 
line inside the box represents the median.  The whiskers represent the 
lower and upper inner fences. 
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Figure 29. The pitting potentials (Epit) for the Vit 105 BMG [Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 
(at.%)], AISI 316L stainless steel [Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], Vit 
1 BMG [Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)], and LM-010 BMG 
[Ti43.3Zr21.7Ni7.5Be27.5 (at.%)] alloys in the PBS electrolyte at 37°C.  The Ti-
6Al-4V and CoCrMo materials were not susceptible to localized corrosion.  
The open-circle represents the mean Epit for each material, while the dashed 
line inside the box represents the median.  The whiskers represent the lower 
and upper inner fences, and asterisks designate outliers. 
 162
 
 
Figure 30. The pitting overpotentials (ηpit) for the Vit 105 BMG 
[Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], Vit 1 BMG 
[Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)], and LM-010 BMG [Ti43.3Zr21.7Ni7.5Be27.5 
(at.%)] alloys in the PBS electrolyte at 37°C.  The Ti-6Al-4V and CoCrMo 
materials were not susceptible to localized corrosion.  The open-circle 
represents the mean ηpit for each material, while the dashed line inside the 
box represents the median.  The whiskers represent the lower and upper inner 
fences, and asterisks designate outliers. 
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Figure 31. The protection potentials (Epp) for the Vit 105 BMG 
[Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], Vit 1 BMG 
[Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)], and LM-010 BMG [Ti43.3Zr21.7Ni7.5Be27.5 
(at.%)] alloys in the PBS electrolyte at 37°C.  The Ti-6Al-4V and CoCrMo 
materials were not susceptible to localized corrosion.  The open-circle 
represents the mean Epp for each material, while the dashed line inside the 
box represents the median.  The whiskers represent the lower and upper inner 
fences, and asterisks designate outliers. 
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Figure 32. The protection overpotentials (ηpp) for the Vit 105 BMG 
[Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], Vit 1 BMG 
[Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)], and LM-010 BMG [Ti43.3Zr21.7Ni7.5Be27.5 
(at.%)] alloys in the PBS electrolyte at 37°C.  The Ti-6Al-4V and CoCrMo 
materials were not susceptible to localized corrosion.  The open-circle 
represents the mean ηpp for each material, while the dashed line inside the 
box represents the median.  The whiskers represent the lower and upper inner 
fences, and asterisks designate outliers. 
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(a) 
(b) 
Figure 33. Representative SEM photomicrographs of the LM-010 BMG alloy after 
corrosion testing. (a) Typical appearance of a pit; (b) Magnified image of the 
pit at location A demonstrating faceted appearance of an interior pit surface. 
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Figure 34. A representative X-ray diffraction spectrum of the Vit 105 BMG [Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)] corrosion samples.  
All spectra demonstrated broad, diffuse peaks characteristic of amorphous alloys. 
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Figure 35. The average cyclic-anodic-polarization curves for the Vit 105 BMG [Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L 
stainless steel [Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], CoCrMo [Co61.4Cr30.9Mo3.6 (at.%), ASTM F799], Zr-based 
[Zr98.42Sn1.4Fe0.1 (at.%)], and Vit 1 BMG [Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)] alloys in the naturally aerated 0.6 M NaCl 
electrolyte. 
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Figure 36. Partitioned scatter and box plots of the corrosion potential (Ecorr) for the Vit 
105 BMG [Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], CoCrMo [Co61.4Cr30.9Mo3.6 (at.%), 
ASTM F799], Zr-based [Zr98.42Sn1.4Fe0.1 (at.%)], and Vit 1 BMG 
[Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)] alloys in the naturally aerated 0.6 M NaCl 
electrolyte.  The open-circle represents the mean Ecorr for each material, 
while the dashed line inside the box represents the median value.  The 
whiskers represent the lower and upper inner fences, and asterisks designate 
outliers. 
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Figure 37. Partitioned scatter and box plots of the corrosion penetration rates (CPRs) for 
the Vit 105 BMG [Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless 
steel [Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], CoCrMo [Co61.4Cr30.9Mo3.6 
(at.%), ASTM F799], Zr-based [Zr98.42Sn1.4Fe0.1 (at.%)], and Vit 1 BMG 
[Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)] alloys in the naturally aerated 0.6 M NaCl 
electrolyte.  The open-circle represents the mean CPR for each material, 
while the dashed line inside the box represents the median value.  The 
whiskers represent the lower and upper inner fences, and asterisks designate 
outliers. 
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Figure 38. Partitioned scatter and box plots of the pitting potential (Epit) for the Vit 105 
BMG [Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], Zr-based [Zr98.42Sn1.4Fe0.1 (at.%)], 
and Vit 1 BMG [Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)] alloys in the naturally 
aerated 0.6 M NaCl electrolyte.  The CoCrMo material was not susceptible to 
localized corrosion.  The open-circle represents the mean Epit for each 
material, while the dashed line inside the box represents the median value.  
The whiskers represent the lower and upper inner fences, and asterisks 
designate outliers. 
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Figure 39. Partitioned scatter and box plots of the pitting overpotential (Epp) for the Vit 
105 BMG [Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], CoCrMo [Co61.4Cr30.9Mo3.6 (at.%), 
ASTM F799], Zr-based [Zr98.42Sn1.4Fe0.1 (at.%)], and Vit 1 BMG 
[Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)] alloys in the naturally aerated 0.6 M NaCl 
electrolyte.  The CoCrMo material was not susceptible to localized corrosion.  
The open-circle represents the mean Epp for each material, while the dashed 
line inside the box represents the median value.  The whiskers represent the 
lower and upper inner fences, and asterisks designate outliers. 
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Figure 40. Partitioned scatter and box plots of the passivation potential (ηpit) for the Vit 
105 BMG [Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], CoCrMo [Co61.4Cr30.9Mo3.6 (at.%), 
ASTM F799], Zr-based [Zr98.42Sn1.4Fe0.1 (at.%)], and Vit 1 BMG 
[Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)] alloys in the naturally aerated 0.6 M NaCl 
electrolyte.  The CoCrMo material was not susceptible to localized corrosion.  
The open-circle represents the mean ηpit for each material, while the dashed 
line inside the box represents the median value.  The whiskers represent the 
lower and upper inner fences, and asterisks designate outliers. 
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Figure 41. Partitioned scatter and box plots of the passivation overpotential (ηpp) for the 
Vit 105 BMG [Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (at.%)], AISI 316L stainless steel 
[Fe62.5Cr19.3Ni13.3 (at.%), ASTM F138], CoCrMo [Co61.4Cr30.9Mo3.6 (at.%), 
ASTM F799], Zr-based [Zr98.42Sn1.4Fe0.1 (at.%)], and Vit 1 BMG 
[Zr41.2Ti13.8Ni10Cu12.5Be22.5 (at.%)] alloys in the naturally aerated 0.6 M NaCl 
electrolyte.  The CoCrMo material was not susceptible to localized corrosion.  
The open-circle represents the mean ηpp for each material, while the dashed 
line inside the box represents the median value.  The whiskers represent the 
lower and upper inner fences, and asterisks designate outliers.
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(a) 
 
(c) 
 
(b) 
 
(d) 
Figure 42. SEM photomicrographs of the Vit 105 BMG samples before (a-b) and after (c-d) the cyclic-anodic-polarization tests in 
0.6 M NaCl that were manually stopped at varying times after pit initiation. 
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Figure 43. Plot of cycles to failure as a function of stress range for the four-point bending of Vit 105 BMG in air and a naturally 
aerated, 0.6 M NaCl electrolyte at a frequency of 10 Hz and R = 0.1. 
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(a) 
 
(c) 
 
(b) 
 
(d) 
Figure 44. SEM fractographs demonstrating the typical fracture surface in air on which (a) the fracture initiated at the corner of the 
sample on the side subjected to tensile loading (top), (b) the striations of the fatigue crack-growth region, (c) the transition 
region from the fatigue to overload regions, and (d) the overload region.  The arrows indicate the crack-growth direction. 
(b)
(c) 
(d) 
Fatigue 
Overload
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(a) 
 
(b) 
 
(c) 
Figure 45. Fractographs demonstrating (a) the typical fracture surface in 0.6 M NaCl, 
(b) alternating regions of smooth steps, separated by abrupt changes in 
fracture planes, and (c) abrupt changes between the smooth fracture regions 
containing visible striations.  The arrows indicate the crack-growth direction. 
(b)
(c)
 178
 
(a) 
 
(b) 
Figure 46. Fractograph of bend sample that fractured due to crack initiation at an 
interior inhomogeneity.  (a) Low magnification, and (b) high magnification. 
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Figure 47. Fractographs demonstrating porosity at the transition from the controlled, 
striated crack-growth region to the final fracture/overload region. 
 180
 
 
 
 
 
Figure 48. SEM photomicrographs illustrating examples of samples that failed due to 
fractures that initiated at particles or surface defects at the tensile surfaces of 
the bend samples. 
 181
 
 
 
 
 
 
 
 
 
Figure 49. Schematic diagram illustrating the locations of the loading pins and fractures for the four-point bend samples tested in air 
at various stress levels.  The shaded circles and areas represent the loading pins and the portions of the sample lengths that 
typically exhibited wear due to contact with the pins, respectively. 
 182
 
 
 
 
 
 
 
Figure 50. Histogram illustrating the location of crack initiation for the four-point bend samples tested in air at all stress levels.  The 
gray circles represent the locations of the loading pins. 
 183
 
 
 
 
 
 
 
 
Figure 51. Schematic diagram illustrating the locations of the loading pins and fractures for the four-point bend samples tested in 0.6 
M NaCl at various stress levels.  The shaded circles and areas represent the loading pins and the portions of the sample 
lengths that typically exhibited wear due to contact with the pins, respectively. 
 184
 
 
 
 
 
 
 
 
Figure 52. Histogram illustrating the location of crack initiation for the four-point bend samples tested in 0.6 M NaCl at all stress 
levels.  The gray circles represent the locations of the loading pins. 
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(a) 
 
(c) 
 
(b) 
 
(d) 
 
Figure 53. Fractographs of the particle-and-crater morphology in (a) small groups, and (b) in isolation.  The particles on the fracture 
surface in (c) corresponded to craters on the opposite surface in (d), and vice-versa.  
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(a) 
 
(c) 
 
(b) 
 
(d) 
 
Figure 54. Fractographs of (a-c) short and (d) long arcs of particles observed on the fracture surfaces of the bend samples.  The 
arrows in (d) denote the arc of particles across the top portion of the bend sample. 
 187
 
(a) 
 
(c) 
 
(b) 
 
(d) 
 
Figure 55. SEM fractographs illustrating morphology of the large sheets of small particles that form concentric arcs across the 
fracture surfaces in various locations. 
 188
 
 
 
 
 
 
 
Figure 56. Optical microscopic photomicrograph of the “swirl pattern” commonly 
observed on polished and etched metallographic samples. 
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Figure 57. Plot of cycles to failure as a function of stress range (S-N) for the four-point bending of Vit 105 BMG in air.  The 
qualitative amount of inhomogeneities and porosity observed in each sample is superimposed onto the stress-life data to 
demonstrate the correlation between inhomogeneities, porosity, and fatigue lives. 
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Figure 58. Plot of cycles to failure as a function of stress range (S-N) for the four-point bending of Vit 105 BMG in air.  The 
qualitative amount of inhomogeneities and porosity observed in each sample is superimposed onto the stress-life data to 
demonstrate the correlation between inhomogeneities, porosity, and fatigue lives. 
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Figure 59. Typical plot of the open-circuit potential as a function of time during a corrosion-fatigue test. 
 192
 
 
Figure 60. The average cyclic-anodic-polarization curves for the Vit 105 BMG alloy in 0.6 M NaCl without a load (static corrosion) 
and under fatigue loading at a stress range of 900 MPa (corrosion-fatigue). 
 193
 
 
 
 
 
Figure 61. Typical x-ray diffraction spectrum of the Vit 105 BMG tensile specimens demonstrating a broad, diffuse peak 
characteristic of amorphous alloys. 
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Figure 62. Scanning electron micrograph of a shear band illustrating the average 56° 
angle between the shear band plane and the loading direction. 
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(b) 
Figure 63. Analysis of shear-band locations. (a) Distribution of the shear bands as a 
function of the shear band location along the length of the gage section of the 
BMG tensile specimen, and (b) Distribution of the distance between adjacent 
shear bands. 
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Figure 64. Sequential series of IR images demonstrating the initiation, propagation, and arrest of two shear bands at 1.62 GPa 
followed by heat dissipation from the region.  The elapsed time between each image was 1.4 ms.  The first shear band 
initiates between Frames 1 and 2 (denoted by an arrow), propagates, and arrests before Frame 3.  The second shear band 
initiates, propagates and arrests between Frames 3 and 4, as denoted by an arrow.  The remaining images demonstrate the 
heat conduction away from the shear bands following arrest. 
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Figure 65. Series of non-sequential IR images from the final 280 ms before failure demonstrating a decreased rate of heat dissipation 
in the lower portion of the gage section where the fracture eventually occurred.  The arrows in Frame 1 denote the location 
of two shear bands that formed at the same approximate time.  The elapsed time between each frame was 28 ms.  The 
stress in these images increased from 1.68 GPa in Frame 1 to 1.69 GPa in Frame 10, the final image obtained prior to 
failure. 
Final 
Fracture 
Plane
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Figure 66. Scatter plot of the elapsed time and stress at the time of the ith shear-band-activation event.  Linear regression reveals a 
shear band initiation rate of approximately 17 shear bands per second after the occurrence of the first shear band. 
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Figure 67. Distribution of the elapsed time between shear-band-activation events. 
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(a) (b) (c) 
 
Figure 68. Schematic diagrams of the tensile gage section (a) with a shear band.  Plots of temperature as a function of distance were 
obtained from the IR data by extracting line profiles, denoted by dashed lines, (b) along the lengths of the shear band axes, 
and (c) perpendicular to the axes of the shear bands.  Images are not drawn to scale.  
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(b) 
Figure 69. Shear band evolution along the axis of the primary shear band in Figure 4.  
(a) Temperature evolution, (b) Change in temperature.  The frame numbers 
correspond to those in Figures 64 and 70.  The elapsed time between each 
frame was 1.4 ms. 
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(b) 
Figure 70. Shear band evolution perpendicular to the axis of the primary shear band in 
Figure 4.  (a) Temperature evolution, (b) Change in temperature.  The frame 
numbers correspond to those in Figures 64 and 69.  The elapsed time 
between each frame was 1.4 ms. 
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Figure 71. Scatter plot of shear band length as a function of maximum shear-band temperature demonstrating linear correlation. 
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